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Virtual reality systems have been widely accepted in medical training and other 

high risk professions because they allow the user a full opportunity to work 

independently and to encounter errors in a safe and cost effective manner. A Virtual 

Radiation Oncology Clinic (VROC) was designed and developed to allow self-guided 

training for radiation oncology physicians and staff. The design involved identifying the 

key elements of the radiation oncology process from the physicians’ perspective. These 

elements include tumor volume identification, dose prescription, plan evaluation, and 

radiation dose verification. Feedback opportunities and specific metrics to use within the 

VROC were identified through a review of the literature along with a review of the 

overall workflow in radiation oncology. Recommended feedback includes contour 

evaluation and feedback about the quality of the overall treatment. The VROC includes 

a tool to assist in error analysis once a patient treatment is completed. Development 

included creating applications to generate feedback metrics, provide error analysis, and 

simulate the daily radiation treatment information. Once the VROC was designed and 

developed it was used to simulate a set of sample errors based on those reported in the 
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literature. Tests of the VROC involved verifying the accuracy of the simulated daily 

treatment information compared to actual treatment information and analyzing the 

feedback metrics to be able to score the severity of the simulated error. Final face 

validation included evaluating the overall realism and utility of the VROC tool. Construct 

validation tests are proposed for the next implementation of the VROC system.  
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CHAPTER 1 
INTRODUCTION 

 
The field of radiation oncology has changed rapidly over the past several years 

due to advances in imaging and computer-controlled delivery technologies. While these 

technologies have created the ability to deliver more precisely placed, high doses of 

radiation, they have introduced new avenues for errors to occur that are often more 

difficult to detect and could have severe consequences. It is known that these errors 

can occur, yet residents have limited exposure, and therefore limited training 

opportunities to develop the skill sets necessary to detect, correct, and most importantly 

develop systems to prevent such errors. Upon graduation from his or her residency 

program, the clinician will have little if any experience in appropriate root cause 

analyses, while at the same time having to accept full responsibility for bringing such 

analysis to the practice he or she joins.  

The most effective way to learn about such errors is to provide the resident with 

real life experiences, allowing him or her opportunity to learn from their own mistakes. 

However, in most training programs, mature and robust systems are in place to detect 

and correct any errors that occur before they can cause harm to a patient. Additionally, 

to enhance training and provide an environment where such errors can be prevented, 

the number of patients that a resident manages is limited. In order to provide physicians 

an opportunity to learn to manage a large number of patients and to be allowed to 

develop the skill sets needed to detect errors, to realize the ramifications of such errors, 

and to participate in root cause analysis, a simulation tool unique to the discipline of 

radiation oncology is being developed.  
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Simulation is the process of replicating a procedure or technique within a 

computer or with the use of a model in order to provide hands-on practice. Simulation 

has been widely used in other procedures such as in aviation or in surgery where the 

risk is high. Radiation oncology presents a unique environment for the introduction of a 

simulation that we are calling a Virtual Radiation Oncology Clinic (VROC). Figure 1-1 is 

a diagram of the radiation oncology process, with a brief description of the workflow. 

The consultation represents the initial physician encounter with the patient. The 

preparation stage is the acquisition of a set of medical images that are used to generate 

a computer model of the patient. Treatment planning is the process of performing dose 

calculations on the computer model in order to determine the directions from which to 

aim the radiation. Plan preparation includes the process of checking the plan and 

converting it into machine parameters for delivery on the treatment machine. Treatment 

delivery includes patient setup on the treatment machine as well as the given dosage of 

radiation treatment. 

To illustrate the complexity of the process, an average timeframe from 

consultation to completion is illustrated at the top of Figure 1-1. This shows that it is not 

uncommon for patient treatment to occur over many weeks or even months. During this 

time, the physician must rely on others to carry out parts of the process, and at any 

given time he or she will be managing several patients who are at different stages of the 

treatment process. The average numbers of patients seen are indicated at the bottom of 

Figure 1-1. Because of the duration of the radiation process and the workloads, an 

example workload for a physician might include consultations on 3 patients, starting the 

planning process on a different set of 3 other patients, reviewing treatment plans for an 
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additional 3 patients, and reviewing treatments for at least 15 additional patients who 

are receiving daily treatments (www.acr.org) (1-3). 

The modern day radiotherapy clinic leverages many imaging technologies to 

allow the clinician to verify the treatment position by acquisition of digital images. In 

addition to the initial digital images and verification images, most of the machine 

settings are recorded digitally in order to create a real-time record of the patient 

treatments. Because of the digital nature of the patient record, and the prolific use of 

computer models for patient data, radiotherapy presents an ideal opportunity to create a 

virtual clinic for use in training medical residents, specifically on the unique situations of 

errors that could occur when implementing new technology, or when instructions are not 

clear, or when procedures are not followed. 

Quality assurance within the radiation oncology environment is concerned with 

both the accuracy of the delivery technologies and creating a safe overall process for 

treatment. The newly reported guideline for radiation oncology quality assurances 

serves as a good reference for both historical practice as well as new guidelines (4). 

Historically medical physics focused on improving the quality of treatment by improving 

the accuracy of calculations and measurements of the radiation delivered, with specific 

emphasis on machine quality assurance as specified by the publications of the 

American Association of Physicists in Medicine (AAPM) (5-7).  

Improvements on the models and computer calculations describing radiation 

interactions and programming techniques, have significantly improved the accuracy of 

dose calculations. However, because of the complexity of the algorithms, they may also 

obscure errors or have a tendency to cause the users to become overly confident about 

http://www.acr.org/
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the results from the computer system, which could lead to errors. Historically, plans for 

radiation were simple enough that rules of thumb or simple hand calculations could be 

used to verify that the plan met the prescribed goals. With more sophisticated and 

complicated techniques, this type of check is not possible. As new technology has 

developed, the quality assurance programs have evolved to meet the needs and to 

prevent errors from occurring (8-9). Because they have developed over time and 

sometimes as a reaction to specific errors, it may not be obvious why different quality 

assurance procedures are in place. The new trainee lacks the experience to see how 

these quality assurance programs have developed over time, and they may not 

appreciate the types of errors that could occur if one of these programs is changed or 

the process breaks down. In some large departments, the resident may be removed 

from the quality assurance process so much that they may not even know what quality 

assurance processes are in place. 

Recommendations for minimizing errors within radiation oncology often reference 

the success of error mitigation within the fields of aviation, surgery, and anesthesiology 

(10-12). These specialties have pioneered the use of simulations in training to 

supplement curriculum on errors and to provide opportunities to practice how to handle 

situations and to gain first-hand experience of the ramifications of break-downs in the 

quality assurance process which can lead to errors. While the radiation oncology 

process typically requires many days for completion, each aspect of the process can be 

partitioned into a series of separate procedures, any one of which could allow the 

introduction of an error. To date, a simulation of the entire radiation oncology workflow 
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that can simulate errors in radiation oncology has not been used to train users on error 

mitigation in radiation oncology despite successes in other professions.  

The design, development, and validation of a Virtual Radiation Oncology Clinic 

(VROC) simulator aimed at physician residents would provide a much-needed tool 

within the educational process. This tool would allow residents to see the ramifications 

of errors as well as to practice their skill in evaluating treatment plans and verifying 

treatment delivery. As training sets are developed, this would be an opportunity to 

expose the resident to many different errors that have occurred through the years and 

to underscore why the quality assurance measures are in place.  

An added benefit of simulation training is the opportunity to provide direct 

feedback to the resident about their performance compared to expectations. Ideally, 

metrics that could be calculated, and a scale based on the dose of radiation to different 

structures could be used to score a specific plan which could then be compared to a 

standard plan. It might also be possible to score the delivery of a plan with errors as 

compared to one without errors. Various metrics have been calculated for radiation 

treatment plans; however, there is no consensus on what, if any of these metrics should 

be reported in the event of an error. Several metrics can possibly be used to help 

describe errors and these may also be used to provide quantitative feedback to 

residents and other trainees about the quality of the care they give.  

The task of designing, developing, and validating the VROC required the 

following three developmental steps. The first step was to determine the elements 

required in the design of a virtual radiation oncology clinic. This included process 

mapping of radiation oncology, review of errors in radiation and their frequency, and a 
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review of metrics that could be used for feedback within the simulation. The second step 

was to develop the realistic VROC to simulate errors and provide feedback. The third 

step was to verify that the system functions property and validate the feedback metrics 

and overall simulation of the radiation oncology workflow. 

Chapter 2 presents background information on simulations in radiation oncology 

and in medical training. This includes a review of radiation oncology training and on 

medical errors training. Also considered are successful instructional design elements 

related to the use of simulations in education. Recommendations from previous studies 

were used to develop a list of simulation requirements for the Virtual Radiation 

Oncology Clinic. 

Chapter 3 identifies the specific Radiation Oncology components and 

requirements for the design of the VROC. This includes mapping the radiation oncology 

workflow from the physician viewpoint. A review of the literature on radiation oncology 

errors was used to evaluate the type and frequency of errors that would be required 

within the VROC system. A review of the literature was performed to recommend 

radiation oncology metrics that could be used for feedback to relate the physician’s plan 

or treatment compared to specific standards. 

Chapter 4 details the development of the VROC. The created VROC system was 

developed by creating processes and developing computer code that work alongside 

commercially available software. The commercial clinical software provides a realistic 

user interface for the resident. Table 1-1 lists the commercial software that was used 

within the VROC. Developed computer code was written to calculate feedback metrics 

and to simulate treatment verification images and files to be loaded into the commercial 
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software during a simulation. Additionally, a set of web-enabled worksheets were 

created to provide an avenue to request specific simulation scenarios, and to create an 

exercise for the trainee in how to conduct a root cause analysis. A set of user 

documents was created to assist the resident, the instructors, and the person managing 

the VROC in the overall use. Table 1-2 summarizes the developed products that 

alongside the commercial software were used to create the VROC that will be described 

in detail in Chapter 4. 

Tests were done to verify the functionality of the developed VROC system. 

Chapter 5 includes reported data on a study that was done to test the accuracy of the 

simulated treatment verification information. The verification images that were created 

to simulate various errors were compared against a “ground truth” of the same error 

recreated using an imaging phantom. Chapter 6 includes all metrics simulated on a 

variety of different virtual patients with a variety of simulated errors using the VROC. A 

study was done to compare the metrics to physician scoring of the severity of the error 

to recommend specific values for feedback within the VROC. 

One of the primary functions of the VROC was to provide training regarding 

errors in Radiation Oncology. As such, it was necessary to create an exercise for the 

residents to complete once they encountered a simulated error within the VROC 

system. Chapter 7 describes the development and construction of the root cause 

analysis exercise that was incorporated within the VROC system. Most residents have 

heard lectures on the root cause analysis process. However, in a clinical environment, 

any errors that occur will be managed by the risk management team and the quality 

assurance team and will often exclude trainees. As a teaching tool, one of the main 
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goals of the VROC system is to provide exercises on root causes and to force the 

trainee to think about added quality assurance measures or processes to prevent 

errors. 

Chapter 8 describes initial face validation of the VROC system. An acceptance 

test of the VROC system was first performed to show that all of the necessary aspects 

of the VROC were functional.  Validation then included review of the VROC by a set of 

staff familiar with radiation oncology workflow to indicate if the VROC was realistic and 

to get initial impressions and feedback for future studies. Areas that were marked as 

needing improvement were noted for future development.  

Chapter 9 includes a final summary of the work that was done to develop the 

VROC system. Results of initial testing are summarized. Future goals include further 

developing the automation of the VROC. This would provide greater utility within a 

training facility. Additional studies to validate the error scoring system as well as to 

validate the overall VROC system would require the adoption of the VROC within a 

training facility. Other utilities for future work with the VROC include the use of the 

VROC for testing competencies or for credentialing. Additional expansions of the VROC 

may include utility for other users within radiation oncology, specifically the medical 

physicist, dosimetrist, and the radiological technologist.  
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Table 1-1.  Varian Medical Systems commercial software used for VROC simulation 

 Varian Name Module Description 

Electronic Medical 
Record (EMR) 

Aria™ Patient Manager 
Review patient demographics, documents, test results 

and radiation treatment summary. 

  Time Planner 
Scheduling patient appointments and treatments. Can 

be sorted by location or staff. 

Record and Verify 
System (R&V) 

Aria™ RT Chart 
Record treatment goals and prescriptions. Used to track 

delivered treatments. 

  Offline Review 
Review of portal images and verification treatment 

images. 

Radiotherapy Treatment 
Planning System 
(TPS) 

Eclipse™ Eclipse™  
Contouring, treatment plan, prescriptions, and 

calculations.  
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Table 1-2.  Software and tools developed to create the VROC simulation 

 Tool Type Description 

User Manuals Trainee user manual Document Manual for trainee or resident 

 Instructor user manual Document Manual for instructor 

 Director user manual Document Manual for director 

Define Virtual 
Patient 

Scenario request Form Request for a specific scenario 

 Virtual patient checklist Document Checklist to create virtual patient 

Virtual Treatment 
Machine 

Create_MV.m MATLAB™ Generates simulated portal image 

 Create kV.m MATLAB™ Generates simulated kV/kV images and registration file 

 Create_CBCT.m MATLAB™ 
Shifts registration & changes DICOM header of an 

existing CBCT image set to be loaded into a virtual 
patient 

 Create RT.m MATLAB™ 
Creates RT_TREATMENT record to representing 

verified beam delivery 
Simulation 

Feedback 
Prescription form Form Trainee’s detailed prescription 

 Contour_comparison.m MATLAB™ Compares two RT_STRUCTURE files 

 Metrics.m MATLAB™ Generates EUD, NTCP, CI from DVH files 

 Final report Document 
A report explaining errors that occurred, and 

summarizing all reported metrics 

 RCA reporting form Form 
A step by step form to work through a preliminary RCA 

on the reported case 

 Final VROC Evaluation Form Survey of experience using VROC 
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Figure 1-1.  Radiation oncology workflow versus time and workload 
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CHAPTER 2 
VROC REQUIREMENT LISTING 

The first step of the development process was to identify specific requirements 

for simulations for training physician residents. This was done by reviewing the literature 

on simulations in radiation oncology, simulation in medicine, requirements for radiation 

oncology training, and instructional design. A final summary of these recommendations 

was used to advocate specific requirements. 

Simulation Overview 

The concept of simulation, in general, has been routinely used in radiotherapy. 

Early treatment techniques were planned using an x-ray or fluoroscopy machine to 

simulate the treatment machine. The patient would lie on a treatment couch similar to 

the one they would be on for treatment while the x-ray source was positioned around 

the patient with the doctor guiding this placement (13). With the patient at this machine, 

the physician would decide on the beam entrance based on either radiograph or on the 

geometry of where the beam was aiming at the patient. These machines were called 

“Simulators” and are still marketed under this machine name because they were used to 

simulate the radiation treatment machine.  

With the advent of computed tomography (CT) scanners as well as advanced 

computer graphics capabilities in the 1980-1990s, a CT scan of the region of interest 

could be used to model the patient and the beam placement could be simulated within 

the computer system (14-16). During this transition time, this type of simulation was 

called a virtual simulation to differentiate between the processes of determining 

treatment parameters directly on the patient versus the same process performed on a 
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computer simulation of the patient. Today, almost all radiotherapy departments utilize 

the CT scanner and a computerized model of the patient for this Simulation.  

More recently, virtual reality (VR) simulation has also been adopted in radiation 

therapy training. The use of a sophisticated 3D system is in place in several training 

facilities where radiation therapists are trained on how to operate the very expensive 

and heavy equipment. This system is commercially available through the company 

Vertual, Ltd. Video illustrating this virtual reality radiation machine can be viewed at their 

website: http://www.vertual.eu/ (17). Other uses of VR include determining realistic 

computer graphics of the treatment machine in order to perform dry runs or practices in 

some complicated treatments where the table and radiation machine may come very 

close to one another, possibly even hitting in some cases. Hamza-Lup et al. (18) 

developed a web-based graphical VR system with realistic visual illustrations of the 

treatment machine, the patient, and the treatment couch that could be accessed 

remotely with the specific intent of collision detection and treatment order optimization. 

While simulation has been used in these specific instances within radiation 

oncology, there are no reported studies or simulation tools specifically designed for the 

resident, nor are there any training tools specific to simulating errors in radiation 

oncology. Two of the prerequisites for the VROC include a specific focus on a tool for 

resident use, and a requirement that errors must be able to be simulated.  

Simulation as a training tool has been widely used in many areas that are 

considered high risk, such as aviation and medicine. Specifically to medicine, simulators 

are popular training tools for all levels of education from layperson education on cardio 

pulmonary resuscitation (CPR) and first aid to surgeon training on sophisticated robotic 

http://www.vertual.eu/
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surgeries. With the high cost associated with medicine and medical education and the 

risk of practicing on human subjects, simulation as a means of training is both cost 

effective and useful. Many of the developed simulators and virtual reality (VR) systems 

for medicine were developed for procedures that are both image-based and require a 

specific skill, such as navigating a scope through the airway or the digestive tract (19). 

Others are for training where quick decision-making skills are needed, such as in 

military medical care and in emergency medicine. Many have reported on the benefits 

of a simulation in these environments to help the student become familiar with a certain 

piece of equipment or to learn a new skill; both of which seem to be more easily learned 

when the stress of a situation can be controlled (20). 

A meta-analysis on the efficacy of virtual reality in medical training was 

completed by Seymour et al. (21). His analysis looked at all reported studies using VR 

for medical education to determine which studies had adequate testing mechanisms 

and which proved their utility in the use of VR systems to improve skills or to train more 

efficiently. One specific study included in the meta-analysis indicated that the skills that 

were acquired during a VR procedure for microsurgery were transferred to actual animal 

surgeries. One of the specific endpoints of this study was to determine what parameters 

or tools could be used to evaluate the utility of the simulation or virtual training. The 

parameters that Seymour found useful to evaluate the utility of the VR system were: a.) 

The time required to learn a new skill, b.) The error rate in a procedure following the 

training, and c.) The time required to complete a specific task. This illustrates that for 

the particular application, physicians were able to make decisions and/or complete 

tasks more quickly following time spend practicing with a simulator.  
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Several professional organizations and conferences have joined together to try to 

investigate topics specific to medical simulation. Because of the stress involved and the 

need for quick decision making, emergency medicine departments have pioneered 

many of these studies and have published proceedings of their 2008 Academic 

Emergency Medicine Consensus Conference with special topics on the science of 

simulation in healthcare (22). A subcommittee from this conference looked specifically 

at the impact of simulation to improve safety in the overall healthcare system (23). One 

of the main questions they evaluated was “How can we effectively feedback information 

from error reporting systems into simulations training and thereby improve patient 

safety?” To answer the question they proposed the following: 

1. Use malpractice claims, hospital reported errors and QA programs as a basis for 
simulation training. 

2. Use electronic charts to cross check and track errors for more data for training. 

3. Pool data on malpractice throughout a region/ area to gather more simulation 
teaching cases. 

4. Use a high-fidelity mannequin simulator in the clinical environment when new 
equipment is introduced (such as pacemakers), to determine possible errors and 
prevent them.  

This list was generated by physicians from a variant of medical specialties but 

provides an excellent resource for opportunities in incorporate patient safety training to 

the VROC system. The errors that occur within radiation oncology can be collected from 

reporting systems and from published reports or from pools of malpractice claims or 

mandatory reports to state radiation safety agencies. The entire VROC system is an 

electronic record that can be checked against the actual clinical system. For added 

utility any new procedures or treatments could be first tested using the VROC to 
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evaluate possible holes in the quality assurance process or to assist in the development 

of procedures associated with these new techniques.  

The remaining requirements for the VROC come from a literature review to 

determine the specific attributes that have proven useful when using simulations for 

training. Issenberg et al. (24) conducted a thorough review of simulators and medical 

education specifically with the goal of determining which features are necessary in order 

to provide the most effective learning experience. While this meta-analysis found 

hundreds of articles published from 1969 to 2003, only 109 met the criteria of being 

empirical studies that used simulators and that contained an assessment that could be 

used. Issenberg found 10 key features of simulators that were most effective in teaching 

skills or concepts. 

1. Feedback  
2. Repetitive practice 
3. Integrated into overall curriculum 
4. Practice with increasing level of difficulty 
5. Adaptable to multiple learning strategies 
6. Clinical variations 
7. Controlled environment – “teachable moments” 
8. Individualized 
9. Outcomes and benchmarks are clear 
10. Validity –realism (context for understanding) 
 

One of the critiques this study gave to the simulation community, as a whole was 

that there has been a lack of scientific rigor in many educational studies to test the utility 

of simulation in education. For example, one of the earliest studies using a VR training 

system performed by Mills et al. (25) noted that VR training did not show improved skills 

over standard learning but concluded that their study was flawed due to lack of metrics 

used to evaluate the experience within the virtual environment. The study concluded 

that the design of the virtual training tool must take into account the way the study would 
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be assessed. Additional guidance for simulation training studies can be gained by 

following recommendations from McGaghie (26) who evaluated all published studies on 

simulation in education to test the hypothesis that the time spent in simulation training 

correlated to learning. While his conclusion indicated that time was correlated with 

learning, he was critical of the fact that out of 670 peer-reviewed journal articles, only 31 

contained adequate assessment, statistics, or basic scientific design, from which to 

draw conclusions. He cites six specific flaws that were found that should be avoided in 

the proposal of a study involving a virtual reality training system. 

 Lack of background information on current research, inter-specialty journal 
citations, and other work in the area of simulation in medicine. 

 Most research has few subjects and gives no attention to statistical power 

 Lack of awareness of study design in education, behavioral science, and clinical 
discipline 

 Lack of measureable properties of educational or clinical variables.  

 Lack of statistical reporting consistency. McGaghie recommends that data should 
report central tendency (mean, median, and mode), dispersion, and effect size 
for dependent variables. 

 Lack of description of educational interventions and their strength and integrity. 

 
Radiation Oncology Training Requirements 

As with physician residents in other programs, radiation oncology residents are 

given core competencies from the Accreditation Council for Graduate Medical 

Education (ACGME). The core competencies include lists of disease sites and tumor 

types. Each resident must participate in the consultation and treatment of a minimum 

number of cases. Specific details about the cases that are to be managed by the 

resident can be found in Part IV of the ACGME Guide for Radiation Oncology which 



 

35 

states that each resident is required to manage approximately 150 patients each year 

with a minimum of 450 patients over his or her entire four years of training 

(http://www.acgme.org/)(27). In order to count a specific case towards their log, the 

resident is required to participate in the simulation and treatment planning and in the 

initiation of treatment. However, due to the length of some courses of treatment they are 

not required to follow all patients through to the end of treatment.  

The ACGME also provides guidelines regarding training in the area of systems-

based practice and professional issues such as healthcare economics and quality 

improvements. Specific content of the educational curriculum is not described and the 

ACGME guideline states that: 

Residents must demonstrate an awareness of and responsiveness to the 
larger context and system of health care, as well as the ability to call 
effectively on other resources in the system to provide optimal health care. 
Residents are expected to: Participate in identifying system errors and 
implementing potential system solutions (27). 

It may be possible to utilize a virtual radiation oncology clinic in order to provide added 

experience in the management of unique cases or in managing more patients than may 

be seen by the resident in his or her training. Also, as mentioned previously, the cases 

the resident participates in are skewed towards the initiation of treatment and therefore 

a patient is not always followed through to the end of his or her treatment. The VROC 

may allow for the experience of a total continuation of care. Also, the VROC may 

provide an opportunity to show the resident a more realistic workload that they may see, 

because in many clinics it is common to see as many as 300 patients a year compared 

to the ACGME requirement of 150. 

A survey of residents from 2005-2008, conducted by the Association of 

Residents in Radiation Oncology (ARRO), summarized the hours spent in various 

http://www.acgme.org/
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clinical situations. In most training situations, the residents report spending 

approximately 50 hours per week in the clinic. They also report that they did not see 

enough case for lymphoma, pediatrics, and sarcomas (28). There is no mention how 

much time was spent on physics, biology, health care management, or medical errors. 

Also, there were no reported studies of specific error training in radiation oncology, nor 

in radiation physics, despite this being listed in the core competencies. This illustrates 

the lack of curriculum specific to errors management within radiation oncology. 

While there are few specific curriculum guidelines, medical errors have received 

the attention of the media and therefore have been the focus of some new guidelines. 

The recommendation from the professional organization, the American Society of 

Radiation Oncology (ASTRO) initiative of “Target Safely” came as a result of the recent 

public and government focus on radiation therapy errors. The six-point agenda to 

improve quality of radiation therapy includes as one of its points an increased 

educational focus on radiation therapy errors. The society dedicated several issues of 

one of the professional journal of Practical Radiation Oncology (PRO) to different 

aspects of radiation oncology errors and has also published new reporting guidelines for 

radiation errors. They have not as of yet made any specific recommendations for error 

mitigation training, nor have any specific training tools been developed to provide 

hands-on training.  

Instructional Design in Simulation Training 

One area of criticism from the educational research using simulations was that 

many studies and also many simulation tools do not contain adequate assessment and 

have failed to take into account instructional design. Instructional design is the study 

and practice of theoretical methods that are utilized in implementing a learning module 
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including educational objectives and their assessments. Instructional design theories 

take into account studies in education as well as in sociology, psychology and science. 

In order to properly create a tool for use in education or to conduct an educational study 

using a simulator as a tool, it is important to explore various different design theories to 

determine the most appropriate one for any particular project. Careful evaluation of 

instructional design theory will help to address the concerns of McGaghie (26) regarding 

the use of medical simulators for training. 

A publication by Battles is one of the first to discuss instructional design in 

medical education as a means to prevent medical errors (29). A key conclusion in 

Battles’ paper is that medicine would be made safer by providing more simulation 

training to residents in order to protect the patient from inexperienced residents. He 

recognized that this would require the implementation of an entirely new instructional 

program from the one that has been in place in the past several years, and all 

specialties would be required to develop virtual training solutions as well as a curriculum 

that relied more heavily on these simulations. 

Specific to instructional design for medical education, it is important to note that 

the “students” are adult learners and there are well-known theories that address how 

adults learn. Some principles that are proposed by Knowles (30) for adult learning are: 

 Adults need to be involved in the planning and valuation of their instruction. 

 Experience (including errors) provides the basis for learning. 

 Adults are more interested in learning subjects that have immediate relevance to 
their job or personal life. 

 Adult learning is problem-centered rather than content-oriented. 
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These principles apply to medical residencies where the goal of the program is to 

practice and apply the knowledge taught in medical school. The goals are to learn to do 

the job they will be expected to perform as an attending physician (31). Another popular 

theorist on adult learning, K.P. Cross created a similar list of important features of adult 

education and also points out that, unlike children, adults are self-directed and are 

capable of discovering things for themselves (32). Because adults are self-directed but 

learn best by experiential learning and by repetition, a simulation module is appropriate 

as a means of trying to teach. 

A prominent historical design methodology is a linear design process known by 

the acronym ADDIE, which describes the steps required to generate a curriculum for 

students. The steps are described below and are generic to all types of learning. 

 ANALYZE. Determine the audience and state the specific learning objectives. 
This includes investigating the learning environment and constraints and the 
timeline for the project. 

 DESIGN. Detailed list of the specific elements of the learning objective and a 
detailed prototype of the project including storyboards & graphics. 

 DEVELOPMENT. The creation of learning materials based on the design. 

 IMPLEMENTATION. The learning plan is put into place along with procedures for 
implementation and distribution. 

 EVALUATION. This process is partly included in each of the other phases, which 
is called formative evaluation. Formative evaluations are combined to generate a 
summative evaluation, including tests specifically related to the objectives. 
Feedback is given at this point.  

Many researchers have adapted the ADDIE model for instructional design by 

adding more steps. For example, an adapted model is known as the Dick & Carey 

Model, described in their book, “The Systematic Design of Instruction” (33). This model 

provides additional steps for assessing knowledge acquisition and for adapting the 
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design of the curriculum in order to meet instructional objectives. A competing design 

process to the linear approaches mentioned above is a non-linear approach. In this 

model, the revision of the learning material is made at any point within the process. One 

such model was developed by Kemp (Kemp Model) which contains similar steps to the 

ADDIE and the Dick & Carey models, but provides guidance to make modifications and 

analysis throughout the implementation of the curriculum to help to restate goals or 

objectives if necessary (34). This model incorporates opportunities to evaluate 

performance throughout the learning process so that revisions and re-planning can 

occur. 

While the previously mentioned methods of instructional design can be effective, 

there is a competing theory for instruction development that is called Understanding by 

Design (UbD). This methodology is a backwards-engineering methodology where the 

entire structure of the curriculum is designed to ensure that the learner understands the 

material being taught (35). The focus is not just on recall and memory of the acquired 

information or knowledge, but is a methodology that focuses on ensuring the student 

understands the concepts of a particular subject, and is able to apply the information to 

different scenarios. This is what is asked of medical personnel as they process 

information that is presented to them in the classroom and apply it along with their 

experience to develop a care plan for the patient they are treating. For this project the 

goal is to help the trainee to understand root causes of radiation errors and how to 

develop a quality assurance program to prevent such errors from occurring in the future. 

This involves understanding what the error was and why it occurred. 
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There are three main steps that were used to develop a curriculum for 

understanding: 1.) Identify the desired results or concepts that are to be understood; 2.) 

Determine acceptable evidence of the understanding; 3.) Plan the learning experiences. 

In developing a training program, a great deal of time is spent on the second step 

because it is only through testing, evaluating, or questioning the student that one can 

determine if they understood the concept. The selected endpoints to illustrate learning 

will typically include many of the different questions that also test the student or 

resident’s knowledge as well as their understanding of that knowledge. Once it is 

determined how to assess the learning of ideas, the curriculum can be developed 

around these assessments to ensure the objectives are being achieved. 

Simulators or virtual systems are specifically useful in trying to teach 

understanding because they provide opportunity for trainees to apply the information 

that they have been presented. Virtual reality systems training can also be a way to 

assess whether the student understands what they have been taught by presenting 

different scenarios to the student to see if they can apply the information they have 

already learned. Anderson et al. (36) discuss the utilization of simulators in medical 

education so that cognitive knowledge and described the utility of the simulator to 

provide opportunities to apply learning to new situations and to give a better 

understanding of the concepts that were being taught. Simulation as a tool for education 

can be useful in many different educational strategies, but specifically for medical 

residents, the design approach known as Understanding by Design seems to be most 

appropriate. There are three specific strategies in the UbD approach. These are 

described in the following pages. 
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Identify the desired results: While using this technique, all goals and objectives 

are stated as complete sentences, recognizing the overall objective is for the student to 

understand a concept. These can include over-arching themes as well as specific 

concepts, but the idea of understanding is not just that the student can recite a 

statement, but that the information can be applied to other situations. Once all the 

learning statements and assessments are written, then the curriculum can be 

developed. For this project, the over-arching goal is that for the resident to understand 

how the various components of radiation therapy fit together and how errors in patient 

setup or mistakes in radiation delivery will affect patient outcomes. 

Determine the acceptable evidences of learning: The evidence of 

understanding of the components in radiotherapy and how errors occur will be shown by 

the resident’s ability to detect errors within the simulation. To develop assessments of 

the understanding of these concepts the UbD design philosophy lists six facets of 

assessment that need to be included (35). A learning assessment mechanism will need 

to be developed as part of the simulation tool.  

Specific to this project and to the evidence of learning would be the ability to 

detect that an error occurred, and the ability to conduct a root cause analysis following 

an error. Once several simulations have been completed, another assessment can be 

made to assess the number of errors that go undetected compared to those that are 

detected. This number should decrease with experience. Specific metrics related to the 

treatment plan will be used as quantitative assessment for the expected effects of the 

error and will be presented as feedback to both the trainer and the trainee. One of the 

overall evidences of understanding will be for the resident to complete a root cause 
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analysis and identify root causes. Once the RCA form is filled in and a measurable 

quality assurance guideline is proposed, the supervising physician and the resident can 

discuss the root causes and compare them to procedures and policies within the 

department. 

Plan the learning experience: While the most intensive aspect of the 

understanding by design methodology is to focus on the assessment tools to assess 

learning, it also requires a learning plan to ensure that the goals are met. Specifically, 

for this project, each training scenario must be carefully planned in order to ensure that 

the different aspects of target volume delineation, treatment plan evaluation, and 

treatment verification are covered. In addition, information on how to monitor or detect 

an error must be designed with both the learning objectives and the learning 

assessment in mind. The tool that will be used for this study will be the virtual reality 

clinic, but a learning plan will need to be developed that outlines which cases are to be 

studied and why. An acronym that describes this stage of the design is WHERETO. 

Each letter describes the key things that are desired while planning the learning 

experience (35). 

 W: Where & why – give overview of project 

 H: Hook – get the students’ attention 

 E: Explore & Experience – the hands-on component of learning 

 R: Reflect/Rethink – this is the review where the big picture items are re- 
emphasized 

 E: Evaluate work – initial evaluation or self-assessment  

 T: Tailor and personalize – change things as required for the individual student 

 O: Organize for effectiveness  
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The overall learning plan will be implemented on each scenario with the VROC. 

For the initial development, the faculty member will be able to list the learning goals for 

each scenario, the specific planning exercises, and the errors that are supposed to be 

detected.  

Summary 
 

The requirements for the VROC system were taken from a literature review of 

simulations in medical education, residency requirements, medical error education, and 

from instructional design. The ten specific features required for simulation training that 

were identified by Issenberg et al. (24) serve as the initial criteria but were modified to 

create a radiation-oncology-specific list. This particular list includes some items that are 

specific to conducting a scientific study and do not apply directly to the development of 

the training tool. However, the training tool must be made flexible enough and also 

robust enough to allow appropriate scientific studies to be done once it is developed. 

The following is the list of requirements for the VROC. 

1. Realistic  
2. Specific for physician residents 
3. Controlled environment  
4. Easily incorporated into the curriculum  
5. Can simulate a variety of radiation techniques and errors  
6. Learning objectives and goals are clear for each exercise. 
7. VROC can give immediate feedback on performance  
8. End of Simulation feedback and learning assessment  
 

One of the primary features for developing the VROC is that it be realistic or 

valid. The realism of the VROC is key to whether or not it would be incorporated within a 

curriculum. Realism, as reflected in the type of procedures performed, timing, and 

overall level of complexity, was considered in all aspects of the design and development 

process. Following the development, the system was evaluated based on its realism. 
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Another requirement was that the VROC be specifically designed for radiation 

oncology physician residents. One of the shortcomings in physician training is the lack 

of opportunity to be involved in error mitigation. The VROC simulation training system 

must be designed to fill this need by being able to simulate all types of errors. Additional 

requirements are that the system fit into the curriculum that is already in place for error 

training, includes the opportunity for error mitigation analysis or root cause analysis. 

One of the other requirements for the VROC is that it is a controlled environment. 

Because the goal of the VROC is to incorporate it within an actual radiation oncology 

clinic, one of the requirements is that it remains separate from clinical software and 

hardware so there is no risk to patient safety or data corruption to the clinical data from 

the VROC system. This isolation will also provide the flexibility to develop scenarios 

about various errors without any chance of harming patients. 

Another required feature of the VROC is that it be capable of giving feedback to 

the user regarding how they perform. The feedback should be given within a reasonable 

time period and should be related to how the person using the simulator is performing 

compared to expectations or compared to specific learning objectives. Also, the other 

goal was to give the trainee opportunities to be involved in error mitigation. This would 

be feedback at the end of the simulation where the user conducts an error mitigation 

study.  

The remaining requirements for the VROC relate to its flexibility to develop 

different training situations that each follows specific ideas of instructional design. One 

required tool that needs to be developed is a “scenario request form” so that the 

different simulations of patients and error scenarios each have specific learning 
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objectives, with specific learning assessments. As was described in the Understanding 

by Design section, the desired result or the expectation of the person completing the 

simulation should be identified. In addition to developing specific curriculum for each of 

the training scenarios, the VROC must be flexible enough to accommodate 

individualization of cases based on the level of experience of the user as well as being 

able to expand to allow multiple cases at the same time. 
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CHAPTER 3  
RADIATION ONCOLOGY  

Specific details about radiation oncology workflow, errors in radiation oncology, 

and metrics for radiation oncology were needed to further develop the requirements list 

from Chapter 2. The detailed workflow of the radiation oncology (RO) process from the 

physician perspective will serve as a template from which to model the VROC. To 

determine appropriate errors to simulate, a complete literature search of errors in 

radiation oncology was performed and related to the radiation oncology workflow. To 

determine appropriate time and data for feedback to the resident on the quality of their 

work, a literature review of various metrics is summarized. 

Radiation Oncology Workflow 

As with all specialties, RO has a unique set of terminology. The different job 

titles, equipment names, and general terminology are described and defined in the brief 

description and workflow that follows. This description details specific tasks of the 

physician, each of which will ideally be simulated within the VROC. Along with the task 

description, the physician typically interacts with a number of other professionals and 

staff. The VROC will need to be able to simulate the duties of the other team members 

listed within the workflow. Detailed explanations of the job descriptions of different 

members within the radiation oncology as well as best practices for different functions 

are available through the ASTRO report of Safety is No Accident (4). The workflow as 

outlined below is taken from personal experience and more information can be found in 

the report from ASTRO. Figure 3-1 is a simple workflow diagram of the RO process with 

a list of each team member involved in each part in the process. Figure 3-2 is a similar 

diagram but describes the specific task with a small image illustrating the task. These 
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two figures are described in detail below. For the purposes of this workflow description, 

there are no distinctions between the attending physician and the resident physician; 

residents perform the same tasks as attending physicians, just under supervision. 

Consultation 

Consultation is the initial encounter the physician has with the patient. The 

purpose of the consultation is to meet with the patient to determine if there is a role for 

radiation and to discuss the possible outcomes and side effects if they do have radiation 

treatment. Figures 3-1 indicates that the support or ancillary staff coordinate schedules 

and make sure that all of the patients medical records are recorded into the clinic’s 

charting system to make up that patient’s chart or file. The nursing staff will perform a 

medical assessment on the patient, including tests such as checking blood pressure, 

weight, and temperature. The nursing staff also helps the physician to answer questions 

and explain radiation side effects and treatment processes to the patient. 

All information about the patient is reported into the patient’s medical chart. A 

computer screen of a digital medical chart is illustrated in Figure 3-2. The physician will 

review all available patient records within the patients’ chart, which in a modern facility 

is typically available via a computer system and is designated as an electronic medical 

record (EMR). The EMR contains physician notes, diagnostic radiologic images and 

reports, pathology reports, medical assessments, and lab results (blood work). In most 

cases the physician can also see all other diagnoses for which the patient has had or is 

receiving treatment such as cardiac care, blood sugar issues such as diabetes, and 

previous cancer treatments. For cancer care, the specific diagnosis and staging of the 

disease is an important indicator of whether radiation is recommended or not, and is 

also typically indicated within the EMR. In addition to determining if radiation is to be 
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given, this is the opportunity for the physician to explain cure rates and possible side 

effects of radiation therapy to the patient. Once it is determined that the patient should 

have radiation therapy, the physician will write orders so that the remainder of the 

appointments can be scheduled, which will begin the treatment process. In many cases 

orders or recommendations of the physician are also reported electronically within the 

EMR.  

Radiation Simulation: (Planning Preparation)  

Radiation simulation is the process of identifying how to position patient for 

radiation treatment. In most modern facilities, a radiation therapy technologist or a 

radiation therapist performs the simulation. The orders are typically found as a 

document within the EMR. At the time of the simulation or planning preparation, the 

patient is positioned on the couch of a computed tomography (CT) machine in the 

position the physician has requested for the radiation treatment. The therapists acquire 

a set of CT images of the area to be treated, and these images are used to create a 3D 

model of the patient within the computer system. The patient is free to leave after the 

CT scan is acquired and the remainder of the planning procedure for the treatment will 

be done on the model of the patient rather than requiring the patient to be present while 

different machine settings are tried.  

Once the CT scan is available, the physician must determine the specific area 

that is to be treated. For this work a specialized computer system, called a treatment 

planning system (TPS), is used because it contains tools for annotating on the CT 

images. These tools allow the physician to “draw” or contour the specific target area if 

necessary, a process referred to as contouring. The TPS also includes computerized 

graphical models of the radiation treatment machine, or medical linear accelerator 
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(linac). This modeled linac allows the physician to geographically place a radiation 

beam aimed at a specific location, and to indicate how the beam should be shaped. In 

most modern machines a multi-leaf collimator (MLC) is used for beam shaping. This is a 

device that is inside the machine and is programmed to create the shape by moving 

small metal pieces to create the appropriate shape. 

Figure 3-2 shows an illustration of a CT scan with a contour in place. Also shown 

in the last figure on the column under planning preparation is an example of a 

geographical representation of a beam that is planned for treatment. This beam is 

displayed above the patient and indicates a radiation beam that would enter directly 

onto the patient from the front. For each area and type of tumor, there are relatively 

standard shapes and guidelines for how to design these blocks or openings (called a 

portal). These can be found in most radiotherapy textbooks (13, 37-38). 

This process is historically called a “simulation” because the physician and staff 

are simulating the radiation treatment within the computer system. In order to eliminate 

confusion about the use of the word “simulation” from its historical use in radiation 

oncology, this portion of the workflow will be called planning preparation. The overall 

simulation of the radiation oncology experience that is being built within the VROC, for 

the remainder of this discussion and this project will therefore be better described so as 

to differentiate between this specific step in the process versus simulation of the entire 

process. 

Treatment Planning 

The next step in the radiotherapy process is to identify and plan the entire course 

of treatment. In most clinical situations there is little-to-no differentiation between 

planning preparation and treatment planning. The physics team works alongside the 
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physician to develop the exact set of beams and beam settings to deliver the best 

treatment. As radiation is aimed at the patient, the photons or electrons deposit energy 

into the patient. The energy deposited can be quantified as dose using units of Gray 

(Gy). The treatment planning system includes both the geometrical and dosimetric 

models of the linac. The dosimetric model describes how much energy of radiation will 

be given as the beam passes through the patient. As different beams are aimed at the 

target, this energy will sum up to give a greater dose at their intersection. The results of 

this process are calculations that indicate how much of the dose is deposited and 

where. This is called a dose distribution. The corresponding set of instructions, which 

includes beam orientation, MLC shape, and dose from each beam, is called the 

radiation treatment plan. Figure 3-2 indicates an illustration of a dose distribution. The 

lines on this distribution are in percentages of maximum dose, so that the 100% total 

represents the area that will receive the most radiation, and corresponds to the most 

energy deposited. The other picture depicts another tool used by the physician to 

evaluate the plans and is a graphical representation of the dose given to different 

structures. This dose volume histogram (DVH) is used routinely to evaluate the 

treatment plan and is further described in the section on metrics.  

The role of the physician at this point in the process will depend on the diagnosis 

and the dose of radiation prescribed. An increasingly greater number of patients in 

modern radiation therapy have customized plans that have the beams shaped 

specifically to the tumor so as to minimize dose to any other organs. This type of 

planning consists of two different types. One is 3-Dimensional conformal therapy 

(3DRT), where the beams are shaped to conform to the target area. Another is intensity 
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modulated radiation therapy (IMRT) where each beam is subdivided into smaller 

segments that are either open or blocked for different percentages of time to further 

shape the dose along the depth of the beam, in addition to the sides of the beam. This 

allows for much more flexibility in shaping the dose within the patient. IMRT plans are 

generated by use of computer algorithms that optimize various beam shapes and 

settings in order to meet specific dose goals and limits. In both 3DRT and IMRT 

planning, the physician identifies the anatomy to be treated (37) by using computer 

graphics tools to “draw” on the CT images a set of 3D objects representing anatomical 

organs and regions of interest. These contours can be assigned dose goals or limits 

and can be used to generate statistics in order to evaluate the quality of the treatment 

plan.  

Treatment Preparation  

Once a final treatment plan is developed it must be prepared for treatment 

delivery. Many of the treatment machines in use today operate with computer controls. 

Because the treatment machines have a number of small mechanical motors that drive 

the MLC as well as all of the other mechanical settings, linacs require a file with all of 

these settings in order to deliver treatment to the patient. These files are transferred to 

the treatment machine via a computer system called a record and verify system (R&V). 

This system is designed to both send the treatment plan information to the treatment 

machine and also reads the settings on the treatment machine and records those 

settings for each treatment. This computer system must be integrated into both the 

EMR and also must be able to receive the treatment plan information from the TPS. 

Both the data from the treatment plan in the TPS as well as the data transferred to the 

R&V system must be carefully checked to ensure that the treatment matches the 
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physician’s intent. The physics staff is responsible for maintaining the quality assurance 

program to ensure that the treatment plan parameters match the physicians’ prescribed 

radiation dose. However, the physician is ultimately responsible for ensuring that the 

plan is correctly delivered. 

In addition to finalizing the treatment plan, the other part of preparing the plan for 

treatment is to develop a set of reference radiographic images to be used for alignment. 

The physics team uses the TPS to create an image that looks like an x-ray image and 

represents the patient anatomy where the radiation beam will intersect during treatment. 

The orientation is referred to as the beam’s eye view (BEV) because it is oriented as the 

image that would be seen from looking through the patient from the perspective of the 

treatment beam. The image itself is a computerized reconstruction that is computed by 

ray tracking through the 3D model of the patient from the CT images. This image is 

referred to as a digitally reconstructed radiograph (DRR). The DRRs that are uploaded 

into the R&V system can be used at the time of treatment to ensure the patient is in the 

correct location and to check that the MLCs on the machine are defined correctly and 

have transferred to the machine correctly. An example of a DRR is in the workflow 

diagram Figure 3-2. In some cases the physician may want additional images to be 

taken. These will all be set up at this time and signed off on by a physicist. 

Treatment & Verification 

The radiation dose is delivered by a linac under the control of radiation therapists 

who are specifically trained on the operation of these specialized treatment machines. 

Typically the physician is not present at the time of treatment and the therapist will 

position the patient on the treatment couch in the same position as in the CT scan and 

verify that the linac is programmed to the settings from the treatment plan. To verify that 
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the patient is being treated correctly, the therapists on the machine will take acquire 

images using equipment attached to the treatment machine. These images are 

uploaded into the R&V system for the physician to review and compare to the reference 

images. 

Modern radiotherapy machines have several different radiographic imaging 

techniques that can be performed. The most common imaging type is called a portal 

image and is taken by using the actual treatment beam and beam shaping devices 

along with a digital imaging panel. The photons from the treatment machine pass 

through the patient to expose an imaging panel on the other side of the patient. 

Depending on the patient anatomy, dark spots on the image will indicate more photons 

passing through regions of low density, and bright areas in the image indicate areas 

with fewer photons passing through due to interactions in higher density regions. This 

image will show the shape of the beam portal indicating any blocking devices used as 

well as anatomy to indicate that the beam is being delivered to the correct location 

within the patient. The contrast of this type of image is not as good as a diagnostic x-ray 

because the image is taken with high-energy photons that interact predominantly 

though Compton scattering. Physicians, therapists, and physicists are all trained to 

understand the physics behind a portal image compared to a kV image, and also to 

interpret both types of images. 

These images are particularly useful because they give information about the 

patient location as well as the exact entrance and shape of the radiation beam, to be 

compared to the planned radiation beam. The routine use and benefit of portal images 

to detect both patient setup and beam shape errors are reported in the literature (8, 39-
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42). One study reported the precision of alignment based on portal films to be on the 

order of about 3mm (43). Portal images, either electronically or on film are submitted to 

the physician for required review and approval.  

In addition to the portal image, many modern radiation delivery devices are 

equipped with additional imaging equipment. The most common add-on imaging 

equipment utilizes a kV x-ray tube and imaging panel that is similar to a standard 

diagnostic quality x-ray. By taking an orthogonal pair of x-rays, the 3D geometry of the 

patient can be determined. A 3D image set can be acquired by rotating the x-ray tube 

around the patient to generate a CT data set known as cone-beam CT image (CBCT) 

(44-46). When imaging other than portal imaging is used to evaluate the patient 

alignment, it is typically used daily and is called image guided radiation therapy (IGRT). 

Depending on the clinic’s procedures and available technology, the physician will review 

these images either daily or weekly. Procedures involving very high doses of treatment 

or fewer treatment fractions require that the images be evaluated and approved prior to 

any treatment (39, 46-47). IGRT is rapidly being implemented, and in most modern 

radiation oncology centers will be used on at least half of their patients.  

The other methods of treatment verification involve evaluating the patient and 

reviewing the patient’s treatment record. Each week of the radiation treatment, the 

patient will meet with the physician during an under treatment visit to discuss any side 

effects and to evaluate how the treatment is progressing. Sometimes the patient’s 

treatment doses will be modified and sometimes the overall treatment plan will be 

changed to manage side effects and/or if the patient’s disease is progressing faster than 

expected. If the patient’s anatomy has changed significantly due to weight loss or 
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swelling in the radiation area, the physician may choose to repeat the simulation of the 

patient to generate a new plan. Additionally each week someone from the physics team 

reviews the chart, the treatment machine settings, and the treatment plan to ensure that 

the prescribed treatment is being carried out correctly. 

Radiation Oncologist Workload 

One of the complications for radiation oncology is that the physician is required to 

manage a variety of patients at different stages of this overall workflow at any time. 

Mazur et al. (48) reported on the workload and how the overall workload and stresses 

correlated to errors in radiation oncology. It may be possible to use the VROC to 

simulate this workload to test some of these ideas. Radiation oncology departments are 

accredited through the American College of Radiology (ACR) who publish a report, 

“Radiation Oncology Practice Accreditation Program Requirements,” which indicates 

that overall, the average number of new patients seen each year by a radiation 

oncologist is 205 (156 for academic institutions) (www.acr.org) (1). This corresponds to 

an average of 3 new patients per week. Since the VROC system was being developed 

at UF Health Cancer Center at Orlando Health, statistics at this facility were compared 

to the ACR average and indicated an average of 4.7 new patients seen per week. This 

clinic is a fairly large practice with seven physicians and six radiation treatment 

machines. Advanced treatment (IMRT) and advanced imaging (IGRT) are available on 

5 of the 6 machines. On average, about 125 patient treatments are given daily which 

breaks down to about 5 new start patients per physician per week. On average about 

65% of these treatments include IGRT which would produce on average 14 image sets 

daily per physician, and a total of 71 image sets per week for review. These workflow 

http://www.acr.org/
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numbers were included in Chapter 1, Figure 1-1 to help to illustrate the overall 

complexity in radiation oncology.  

Data and Applications Used in Radiation Oncology. 

Within the workflow there are essentially three different computer systems that 

the physician utilizes. General category names for these products are: the electronic 

medical record (EMR), the treatment planning system (TPS), and the record and verify 

system (R&V). For example, all consult and physician reports are uploaded into the 

EMR, the treatment plan and all CT data are typically transferred to the EMR. The R&V 

system is a specialized radiation oncology system to support all of the different digital 

data representing the treatment plan and verification images for the linac. From the 

physician viewpoint, the R&V is a radiation oncology specific EMR. In order to build the 

VROC system, it was important to identify the different electronic files used at each 

point in the process because these files will be used in the VROC. In some cases, 

programs to create these files will be necessary as part of the VROC. Many of these 

files are in a specific format to allow data transfer from one application to another.  

DICOM is a set of standards published by the Association of Electrical and 

Medical Imaging Equipment Manufacturers (www.medical.nema.org) (49) to ensure 

different pieces of medical imaging equipment can send and receive compatible data. 

The Digital Imaging and Communications in Medicine Standard (DICOM) was first 

introduced in the 1980s as the availability of digital imaging became more prevalent. In 

1994, digital data for radiotherapy became more common and there was a need to 

address additional formats specific to the radiotherapy community. Each DICOM file 

consists of header information containing all of the patient, physician, machine, and 

manufacturer information for the file. The remainder of the file contains the actual data 

http://www.medical.nema.org/
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of the image made up of pixel coordinates (x,y,z) and gray levels that together make up 

the medical image (50-51). Each slice of a CT scan is a separate DICOM file. Unlike 

radiographic imaging, radiotherapy also requires a description of each aspect of the 

Linac system. As a result, a standard for radiotherapy was developed that was 

introduced to support data unique to radiation therapy – DICOM_RT. DICOM libraries 

describing each line of the DICOM file are available for most high-level programming 

languages (XML, MATLAB, C++, etc.). The files unique to radiation oncology that are 

important in managing patient treatment are: 

 RTPLAN: File containing all of the LINAC Beam settings based on the treatment 
plan. 

 RTDose: File containing the 3D dosimetric information from the treatment plan. 

 RTIMAGE:  The Digital Portal image (also contains some LINAC Beam settings). 

 RTSTRUCT: File that contains information about the contours of the anatomy 
that was superimposed on the CT scan (in treatment planning). 

 RT_BEAMS_TREATMENT_RECORD: File created at the LINAC with all of the 
settings used to deliver the radiation. 

Figure 3-3 is an illustration of the entire workflow with each of the different 

computer systems and data elements that are used at each part of the therapy process 

identified. The file format for the different types of files is also identified. Most 

radiotherapy-specific data and image data are in a file format to comply with the DICOM 

format. 

Errors in Radiation Oncology 

With the workflow of the radiation oncology system in mind, a literature review of 

errors in radiation oncology was conducted to determine where in this process errors 

occur and with what frequency. One of the largest studies on radiation oncology errors 
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555 errors were reported by Princess Margaret Hospital in Toronto from 1997 to 2002 

(52). This study categorized errors by type of treatment and determined that there was a 

higher likelihood of error in the patients receiving head and neck treatment. A study by 

Klein et al. (53) reported on errors at Washington University (St. Louis, MO). He 

categorized these errors by different treatment technology and technique and concluded 

an increase in errors for treatment techniques with mixed level of complexity and to 

changes in procedures that occur when switching between different technologies (53).  

This issue of errors related technology was also investigated by Dr. Fraas (54) 

specifically focusing on computer-controlled systems and on the increased risk if the 

treatment plan data is entered incorrectly from the start of treatment. The conclusion 

was that although computerized control systems make daily treatments less prone to 

errors, that if the data is incorrect from the start, there is little opportunity to catch this 

and the error will continue for many treatments. Macklis et al. (55) also evaluated errors 

based on where they occur in the workflow and how that related to technology. 

Conclusions from the errors reported at the Cleveland Clinic between 1991-1995 

reported an increased risk at the point of data entry into the computer control systems. 

A voluntary European error reporting system provides another source of data 

about radiation errors. The Radiation Oncology Safety Information System (ROSIS) was 

set up by the European Society of Therapeutic Radiology and Oncology 

(ESTRO). Since this is a voluntary system, the error rates may not match those from 

specific organizations. The system is anonymous so there is limited information about 

the specific clinics where the error occurred, but typically more details about each error 

are included. With few other resources available to detail different errors to specifically 
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categorize them for the VROC system, the ROSIS systems is useful in prescribing 

possible error scenarios for training simulations, as it represents sufficient data points to 

generate a frequency distribution as well to categorize into various categories of errors 

specifically to make recommendations about errors to simulate within the VROC.  

In radiation oncology, errors can be broadly classified as either dosimetric errors 

or spatial errors. Dosimetric errors are those in which the quantity of radiation is 

different than expected due to calculation errors or due to devices or beam modifiers 

being incorporated into the treatment plan, but omitted during treatment. Spatial errors 

that are reported with a higher frequency include any error where the target area is 

missed due to errors in the alignment of the patient with the treatment therapeutic 

radiation beam. This can happen for a number of reasons, including confusing or 

missing instructions for patient setup, misidentification of setup marks on the patient, 

wrong patient files selected, or confusion in interpreting alignment images. Spatial 

errors are the most common errors and are one of the reasons for the push for 

technologies that help to verify the patient’s treatment position using various 

radiographic imaging techniques. However, the rapid introduction of advanced 

technologies can result in a natural tendency to become too reliant on technology and 

assume the computer calculated setup deviation to be correct without sufficient scrutiny 

of the image registration.  

The ROSIS system data was used for this study because to date it is the largest 

available resource of reported errors. Added benefits of using this system are that many 

of the errors. While the other reports that were cited also contain many errors, they only 

summarize the categories and do not provide enough information in order to re-
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categorize specifically for the VROC system. Specifically for this project, the frequency 

of errors that occur at different parts of the radiation oncology workflow could serve as a 

useful guide for developing the VROC system. To summarize the types of errors that 

can occur and where in the process they typically occur, the errors in the ROSIS system 

were analyzed and categorized by different main subcategories of radiation oncology. A 

total of 651 errors were evaluated that contained enough information to assess where 

they occurred within the overall process. Table 3-1 is the complete list of all errors, with 

numbers to indicate how many of the overall errors were of that same type. The types of 

errors with the greatest frequency, as well as the percentage of the 651 errors at each 

step in the radiation oncology workflow are illustrated in Figure 3-4. This illustrates that 

the greatest number of errors occurred at the treatment delivery and verification step.  

To further understand what types of errors to model within the VROC system, 

errors were categorized as either “dosimetric” or “spatial” depending on whether or not 

the error resulted primarily in a change in the magnitude of the radiation dose or if it 

resulted primarily in a change in the location of the delivered dose. In some cases, 

errors resulted in both dosimetric and spatial aspects. Also, some errors were based 

more on procedural problems or delays in treatment and didn’t result in either a spatial 

or dosimetric error. Both the spatial and dosimetric errors were classified by whether 

they occurred prior to treatment (in planning or preparation) or whether they occurred at 

the time of treatment. The different categories and percentages of errors are 

summarized in Table 3-2. This shows that approximately 70% of the reported errors 

resulted in the patient receiving wrong treatment. The other errors were either caught 

before the patient was treated or were related to issues that did not result in a patient 
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receiving incorrect treatment. Table 3-2 indicates that errors relating to dosimetric 

issues prevailed within the pre-planning and planning sections for the workflow while 

patient setup and spatial errors dominated during the actual treatment. The dosimetric 

errors were approximately equal to spatial setup errors. Based on this information, 

errors that will be simulated within the VROC system will primarily represent setup 

variations and spatial errors at the time of treatment, and will primarily represent 

dosimetric or calculation errors during the pre-treatment portion of the treatment. 

Metrics in Radiation Oncology 

The radiation oncology workflow was also evaluated to determine where 

appropriate opportunities for feedback exist within the VROC. A literature review of 

several metrics reported for radiation oncology treatments is described. The goal is to 

identify metrics that can represent the overall quality of the treatment plan that would 

change if either spatial or dosimetric errors occurred. Ideally, these metrics are easily 

calculated and would be easily presented to the physician using the simulator at the 

time of the treatment plan selection and at the end of treatment. The metrics that are 

described in this section have been reported in the literature for an array of different 

applications including plan standardization, protocols, treatment plan optimization, as 

well as attempts to evaluate different planning techniques. There are no reported 

instances of using these metrics as a routine means of scoring trainees or for feedback 

in physician ability. As part of a real clinical workflow, some of these metrics are not 

routinely reported and the plan is checked for accuracy by either having another 

physician peer review the contours, dose, and plan, or by other chart checks. Both the 

routine feedback options and the VROC possible options are listed in Figure 3-5 that 

highlights the RO workflow with different opportunities for feedback.  
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Contouring Metrics 

In most situations, the treatment planning process begins with the physician 

describing the area to be treated by target delineation or contouring the structures on 

the CT scan of the patient. While there are several different metrics that have been 

used in radiation oncology for treatment plan comparisons or plan quality comparisons, 

these metrics represent the ideal dose, assuming the radiation is delivered exactly as 

the physician has prescribed. If the physician prescribes or indicates the dose to be 

delivered to the incorrect location, this may not be noticed and reported as an error 

unless there is a method for checking each contour and prescription the physician 

writes. In most clinics checks for accuracy in contouring is performed by a peer review 

process where a colleague reviews the imaging and evaluates the contours. Also, there 

exist standards of care describing what structures should be treated and included within 

the treatment area, depending on the histology of the disease.  

The standardization of target and normal structure delineation has been the 

focus of many of the radiation oncology professional organizations for a number of 

years. Workshops and training “competitions” have focused on having multiple experts’ 

delineate targets to determine the best match. Within the clinical setting and to better 

compare plans from different institutions enrolling patients into national protocols, 

ASTRO, RTOG and RSNA have published sets of structure atlases with detailed 

descriptions of how structures should be named. Borders and margins for contouring 

are included. These atlases of contours are available through the RTOG or ASTRO 

websites www.ASTRO.org (56), www.RTOG.org (57). Most facilities do not have an 

automated method for contour comparisons and in cases where residents are asked to 

http://www.astro.org/
http://www.rtog.org/
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do the contouring; the attending either supervises them makes changes and/or explains 

what they would do differently. 

Within the VROC system, it was important to provide tools to compare contours, 

but the focus of the system was to provide an overall radiotherapy tool from start to 

finish. Therefore it was not the purpose of this project to determine the ground truth for 

each type of dataset. The simulation tool was meant to provide training opportunities 

and to provide the resident with an opportunity to practice contour delineation. It will 

also provide feedback to the residents regarding their contour in comparison to those in 

the original plan. In this way, each clinic and each supervising physician would establish 

their own ground truth for reporting purposes. 

A summary of reported contour comparison metrics was conducted by Hanna et 

al. (58) who concluded that there was no consensus on reporting metrics for comparing 

contours. However, they state that for a metric to be useful it must contain both 

volumetric and geometric information. Several papers use a correlation coefficient that 

is related to area of overlap of two contours, such as the Jaccard coefficient. This 

coefficient is a value between 0 and 1 where 0 represents no agreement between the 

two volumes and 1 represents a complete agreement between the two volumes. This 

correlation coefficient is sometimes called the Conformity Index (CI), the Concordance 

Index, or the Comparison of Union (59). Others have reported a similar metric for 

comparison, such as the Dice’s coefficient or Dice’s similarity coefficient (DSC) (60) 

shown in Equation 3-1. 

 (   )  
 |   |

| | | |
                                                   (3-1) 
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The Dice’s similarity coefficient above is reported in the radiation oncology literature 

more frequently; therefore it was selected as one of the metrics for the VROC. There is 

a direct mathematical relationship between these two values, so one can be calculated 

from the other if necessary. 

While the Dice’s similarity metric could be identical for two different contour 

deviations, one in which the novice’s contour misses part of the target and one in which 

the novice’s contour extends into critical normal tissue, the clinical results of these two 

errors is not the same. Additional metrics related to the type of tissue either missed or 

unnecessarily included must be identified. Two additional metrics that have been used 

are the percentage of volume of target that is missed, and the volume of non-target 

tissues that are included as target. For the initial reporting of the VROC system, all of 

these metrics will be included in the VROC report. 

Metrics for Dosimetry in Radiation Oncology 

There are several different metrics that have been used in radiation oncology for 

treatment plan comparison or for research studies; however, none of these have been 

utilized for managing or evaluating errors, or for feedback to residents about their quality 

of work. In most treatment situations, a particular organ of the body doesn’t receive a 

uniform dose of radiation. The radiation varies through each structure, in some cases 

from no dose to doses above the prescribed dose. The typical method for evaluating the 

change in dose throughout the structures is to create a histogram of volumetric 

subsections (voxels) contained within the structure sorted by dose (61). This is called a 

dose-volume histogram (DVH) and is useful for quickly determining the dose given 

compared to different percentage volume of structures. This is particularly useful at 

evaluating the consequences of treatments where the volume irradiated to certain 
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threshold doses is important. Typical structures that are volume dependent are lung, 

kidney, and liver. For other structures, the maximum dose any point receives may be 

the most important predictor of side effects, such as damage to nerve tissues or skin. 

The maximum, average, and doses to certain volumes can be obtained from the DVH.  

An example of a dose volume histogram for a couple of structures for both a 

normal plan as well as how those same DVHs could change if an error is encountered 

to those structures is shown in Figure 3-6 Each different structure will have a different 

DVH for each plan, including any errors that are simulated. DVH is very common in 

radiation therapy and is evaluated by looking at the dose on the horizontal axis to 

determine the percentage of volume receiving the dose or vice versa. Many of the 

protocols from the RTOG have several different dose and volume constraints, and some 

facilities have very sophisticated forms or spreadsheets that are used to evaluate plans. 

It is important to note that the dose and volume percentages change depending on the 

prescribed dose, and for dose escalation procedures there may be several different sets 

of tables of guidelines for a single disease site.  

The issues with this type of reporting are that all of the parameters are specific to 

the particular target tissue and prescribed dose. For generating a feedback tool for use 

over a wide range of types of cases and users, it is deal to have a set of metrics that 

can be calculated for all types of treatment techniques and for all disease sites and is 

not dependent upon specific target structures. In order to do this, a few metrics that can 

be scaled to a standard dose fraction are ideal, as well as a set of metrics that can 

represent the DVH as a single number, rather than a set of numbers specific to a 

specific treatment procedure. Niemierko et al. (62) defined the equivalent uniform dose 
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(EUD) as the dose that if used to uniformly irradiated to the structure would yield the 

same level of complication as the non-uniform dose. EUD can be calculated from the 

DVH by using:  

    (
 

 
 ∑    

  
   )

 

 
                                            (3-2) 

where d is the dose in voxel i, N is the number of voxels in the structure, and is a 

parameter determined empirically by fitting dose responses of various tissues.  

Another method used in comparing treatment plans attempts to relate the dose 

given to the relative risk of injury. The relative sensitive for each structure is included as 

a parameter fit to empirical data that fits information from the Dose Volume histogram or 

the EUD to observed complications or cure rates, known as either the Normal Tissue 

Complication Probability (NTCP) or the Tumor Control Probability (TCP), respectively 

(63-66). The EUD can be related to the normal tissue complication probability (NTCP) 

and the TCP proposed by the Lyman Kutcher model by the following equations (67-69) 

where TD50 is a value that relates to the tolerance dose for a 50% complication rate for 

the specific structures of interest. The value ɣ50 represents the slope of the dose 

response curve and is modeled for each individual structure.  
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Since the values of NTCP and TCP represent probabilities of side effects or of 

cure, they are conceptually easy to understand, and have potential for revealing 
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increases in potential risk from a given error. They have not to date been explored for 

this purpose. Another advantage of a set of probabilities is that they can be combined 

using mathematical calculations for combined probability in order to represent the 

probability of complication free survival (P+) (70), or of a total complication value 

(NTCPtot).  

All metrics that are calculated for these planning studies attempt to assign 

realistic outcomes to different types of treatment based on various aspects of the 

treatment plan. Specific studies have been conducted using patient follow-up and 

outcomes along with biological studies to develop models based on specific tissue 

responses to radiation. Because different cell types respond differently, and measurable 

endpoints are different, studies typically focus on a specific disease with one 

measureable side effect. Examples of these studies include rectal bleeding during 

prostate treatment (71), hearing loss during acoustic neuroma treatment (72), laryngeal 

swelling in head & neck treatment (73), and pulmonary complications following breast 

treatment (74). While there remains controversy on the reliability of any specific 

numerical score to project specific patient outcomes, these studies have shown useful 

in providing relative information and a scale by which to compare competing plans of 

treatments, and therefore their use to compare to a standard plan when analyzing errors 

seems reasonable. 

All of the above metrics have been used in radiation oncology for treatment plan 

comparison or for research studies comparing specific endpoints; however, they are not 

commonly proposed for error reporting systems. One study reported that the use of the 

equivalent uniform dose (EUD) to the target volume and a few selected structures was 
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useful in describing consequences of certain errors (75). Another group looked at this 

same metric as a means of reporting setup uncertainties which are often much smaller 

in magnitude (a few mm), but occur frequently (76). While both reported utility in using 

EUD, they have not been widely accepted.  

These metrics are all scores that have been used to rank the quality of treatment. 

However, there is no evidence that they can be tied to patient outcomes, which is the 

reason it is difficult to use them as an absolute score of the quality of a resident’s ability. 

Within education in general, and virtual training specifically, it is extremely important to 

be able to provide quick and complete feedback to the resident about how their 

progress. Ideally, there would be some way to score the trainee so that they can 

compare their performance to another individual or to themselves without relying solely 

on the qualitative feedback from clinical instructors. The goal of this work and the 

establishment of these metrics is to provide feedback to assist the trainee in area’s 

needing improvement. Even though these radiation oncology metrics may not be 

directly correlated to patient outcomes, they may still have utility as general feedback to 

the trainee, especially when calculated in comparison to a “normal” or a standard 

treatment. 

When describing treatment plans or deviations to treatments, there are often 

other parameters related to the treatment volume coverage or the amount of non-target 

tissue that is treated which may need to be reported as well. The physician will typically 

look at how well the prescribed dose matches the target volume that they have 

depicted. Various different conformity metrics have been reported in the literature for 

this closeness of fit. Feuvret et al. (59) concluded that while there are numerous 
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methods of calculating the conformity index, there is no consistency in how these values 

are to be calculated. One of the more common metrics is the Jaccard index (same as 

described for contour comparison). This metric is also not typically used for error 

reporting, but is an indication of how an error affects the overall coverage of a tumor by 

the prescribed amount of dose. Finally, the actual percentage of coverage used to 

calculate the Jaccard index may be one of the simplest to calculate, but it is also 

typically included in some way within the prescription and should also be reported for 

error summaries.  

Metrics for Error Reporting 

Unlike dosimetric errors, metrics specifically designed for reporting errors do not 

have any value for the standard plan and are typically created to describe the severity of 

the error in any number of ways. Depending on the overall goal of the study, some 

severity scores emphasize likelihood of the error occurring or the ease with which they 

can be detected. While this information is interesting for designing a quality assurance 

program or for failure mode analysis, they may not be meaningful to the resident when 

an error actually does occur. While these scores are interesting, they may not be helpful 

for resident feedback because they are not widely accepted and would be specific to the 

particular facility reporting the event.  

A newly published report of the joint task group of the ASTRO and AAPM 

committee on recommendations for error reporting proposes two different metric scales 

for reporting errors and near-misses. Both scales are to be used for each event, and 

both scales range from 0-10. One of the scores is based entirely on the change in dose 

and is scaled by percentage of change from prescribed dose to any structure. The other 

metric is based on medical events, whether permanent or temporary, and may increase 
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with early or late occurring side effects (77). Two tables of the severity scoring are 

reproduced as Table 3-3 and Table 3-4. The recommendations on how to score errors 

are included within the table, and the report allows for scoring based on predictions of 

medical events for near-miss cases, which can be applied to errors that are simulated 

within the VROC.  

Detrimental dose is a metric that was recently proposed at a national meeting of 

the AAPM by Carlone et al. (78) Detrimental dose (DD) is calculated by using 

parameters related to the sensitivity of a structure and the dose deposited to that 

structure, and also provides a means of scaling in the event that a system error causes 

several patients treatments to be in error. This is similar to dose equivalent which is 

calculated for radiation safety concerns in health physics. While this has been 

proposed, it has not been tested or utilized extensively. This may prove to be a useful 

metric to include in error reporting software programs (78). The detrimental dose (DD) is 

calculated in units of Gy* using Equation 3-5 below  

    ∑ [    ∑    
  

 
          ]                                     (3-5) 

where DE is the dose error to the target structure, D is the dose error to the normal 

tissue, VI/V is the fraction of the structure that is irradiated, TS is a weighting factor that 

relates to the sensitivity of the structure in question, and SI is the severity of the injury 

that resulted due to the dose error. If the error resulted in many patients receiving a 

dose error then this is summed over all patients. 

Summary 

To further specify details for the requirements of a VROC, the overall radiation 

oncology process was outlined and a workflow diagram was created. The workflow, as it 
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relates to the other team members and their work, was created to determine all the 

aspects of radiation oncology that would have to be simulated for the physician resident 

to do all expected work of a physician managing the care of a patient without 

supervision. The specific data elements that are used at each step in the radiation 

oncology workflow were listed in Figure 3-3. The minimum computer systems required 

for simulating the work of the physician include an EMR, a TPS, and an R&V System.  

The errors that have occurred in radiation oncology were categorized by where 

they typically occur in the process. Typically dosimetric errors occur at the time of 

treatment planning and spatial errors occur at the time of treatment, with approximately 

the same frequency. The opportunities to provide feedback to a resident using the 

VROC simulation include providing calculated metrics to compare contours as well as 

metrics to compare different treatment plans. Treatment planning metrics and also error 

metrics can be calculated for any treatment error. The metrics that were recommended 

for initial calculation include NTCP for all normal tissues, EUD for both normal and 

target tissues, TCP for target tissues, percentage of target coverage, conformity index, 

detrimental dose, and the severity scores as recommended for radiation oncology 

reporting systems. Opportunities for these metrics to be calculated include the time 

frame after the treatment plan is selected and at the end of treatment.  

In order to simulate the overall radiation oncology workflow, the other 

requirement for the VROC is that there must be a way to transfer different patient 

records into the system at the correct times. For the purpose of the VROC, all patient 

data represents the virtual patient, and part of the development will be to develop a 

process for transferring in appropriate files at the right time to make the radiation 
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oncology workflow happen in real time. This will include CT scan for planning, the 

treatment plans, as well as all of the files representing daily treatments. Additional 

development will be needed for the files that represent patient treatments because in 

some cases an error will need to be introduced into the treatment images and these will 

need to be modified accordingly. 
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Figure 3-1.  Workflow of radiation oncology - team member responsibilities 
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Figure 3-2.  Workflow of radiation oncology – overview  
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Figure 3-3.  Workflow of radiation oncology – data elements  
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Figure 3-4.  Workflow of radiation oncology - common errors  
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Figure 3-5.  Workflow of radiation oncology - feedback and metrics. 
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Figure 3-6.  Sample dose-volume histogram. The target volume, sigmoid colon, and 

rectum are shown for the normal plan (solid) as well as a plan that containes 
errors.  
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Table 3-1.  Error distribution from ROSIS system 

Error Type #  Frequency Total 

Simulation       

  CT range or slice thickness 9 1.38%   

  Simulation information 5 0.77%   

  Film or patient ID labeled wrong 13 2.00%   

  Wrong area 3 0.46%   

     4.61% 

Prescribing       

  Rad/chemo not synchronized 2 0.31%   

  Rx 40 6.14%   

  Rx change 4 0.61%   

  Prior treatment not accounted for 1 0.15%   

    7.22% 

Treatment Planning       

  Calculation 34 5.22%   

  Planning / wrong point 1 0.15%   

  Calculation (depth or distance) 20 3.07%   

  Block calc/tray factor 11 1.69%   

  Plan change 1 0.15%   

  
Treatment planning (general/wrong 

algorithm/) 5 0.77%   

  Gap calculation or overlap settings 3 0.46%   

  Wrong energy 12 1.84%   

    11.52% 

Preparing plan       

  Chart check not done/ other process 18 2.76%   

  
Charting (something written wrong or 

put into R&V wrong) 62 9.52%   

  Charting field names/labels 14 2.15%   

  
Charting (missing/unclear 

instructions) 30 4.61%   

  Data transfer (DRR/from TPS) 17 2.61%   

  Dose/fraction 2 0.31%   

  Printouts/paperwork 3 0.46%   

    21.97% 
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Table 3-1.  Continued    

Error Type #  Frequency Total 

Treatment Patient Setup       

  Bolus 23 3.53%   

  
Machine settings (gantry/col/field 

size) 58 8.91%   

  
No. of treatment (BID, RX change, 

treated twice, or missed) 15 2.30%   

  Accessory/compensator/wedge 9 1.38%   

  Block 50 7.68%   

  Boost fields or wrong fields tx 5 0.77%   

  Computer issues 10 1.54%   

  
Couch settings (either not noted or 

not set correctly) 11 1.69%   

  
Communication (change not 

communicated/new sim) 6 0.92%   

  Immobilization 11 1.69%   

  Portal imaging 3 0.46%   

  Manually recorded wrong 1 0.15%   

  Setups (either console or patient) 30 4.61%   

  Marks 3 0.46%   

  Shifts 36 5.53%   

  Patient treated when on break 1 0.15%   

  Wrong isocenter 9 1.38%   

  Wrong patient 7 1.08%   

  Wrong plan treated 2 0.31%   

    44.55% 

Other        

  Process 26 3.99%   

  Bracy/HDR 2 0.31%   

  Unusual setup 1 0.15%   

  Wrong drug label (?) 1 0.15%   

  Films not reviewed 2 0.31%   

  Infection 1 0.15%   

  Machine qa 2 0.31%   

  
Mechanical failure/broken 

equipment 10 1.54%   

  Pacemaker in field 2 0.31%   

  Patient fall 1 0.15%   

  SRS 1 0.15%   

  Wrong machine 1 0.15%   

  Block cutter 1 0.15%   

    7.83% 
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Table 3-2.  Summary of ROSIS results by category  

 Dosimetry Spatial Both 

Before Treatment 21.49% 1.07% 9.98% 

At Treatment 11.20% 20.43% 8.61% 
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Table 3-3.  Dosimetric severity score 

Score Dosimetric Scale 

9/10 >100% absolute dose deviation from  
 the total prescription for any structure 

7/8 >25-100% absolute dose deviation from  

  the total prescription for any structure 

5/6 >10-25% absolute dose deviation from  

 the total prescription for any structure 

3/4 >5-10% absolute dose deviation from  
 the total prescription for any structure 

1/2 <5% absolute dose deviation from  
 the total prescription for any structure 

 Not Applicable 

Adapted from Ford EC, Fong de Los Santos L, Pawlicki T, et al. Consensus 
recommendations for incident learning database structures in radiation 
oncology. Med Phys;39 p. 7285 Appendix 1 Table1. 

 
 

Table 3-4.  Consequence severity score 

Score Consequences (actual or predicted) 

10 Premature death 

8/9 Life threatening - intervention essential. 

8 Possible recurrence due to under dose 

7 Permanent major disability 

 (or Grade 3/4 permanent toxicity) 

5/6 Permanent minor disability  
 (Grade 1/2 permanent toxicity) 

3/4 Temporary side effects - Major 
 Treatment/hospitalization 

2 Temporary side effects - intervention  

1 Temporary side effects - no intervention 

0 No harm 

… Unknown 

Adapted from Ford EC, Fong de Los Santos L, Pawlicki T, et al. Consensus 
recommendations for incident learning database structures in radiation 
oncology. Med Phys;39:p. 7285 Appendix 2 Table1.  
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CHAPTER 4 
DEVELOPMENT OF A VIRTUAL RADIATION ONCOLOGY CLINIC 

Based on the requirements listed in Chapter 2 and the overall workflow from 

Chapter 3 a template for the VROC system was created. Figure 4-1 illustrates the RO 

workflow that was described in Chapter 3 as well as added elements needed in order to 

simulate this workflow. The added elements include a detailed definition of a virtual 

patient, a virtual treatment machine to simulate the treatment records, as well as 

computer programs to provide feedback. The details of these additional components will 

be described within this chapter. For reference, the added elements for the VROC are 

labeled with letters A-H and the typical radiation oncology workflow steps are numbered 

1-5 in both the text and in Figure 4-1.  

Within the simulation of the RO process itself (within the VROC), the physician 

resident will act as the physician who is managing the care of the virtual patient, and 

therefore there is no distinction between attending physician and resident as it relates to 

the virtual patient. In order to clarify the different roles, i.e., someone using the 

simulation versus someone supervising the simulation, the use of the terms “instructor” 

and “trainee” will be used to better describe the specific role of each physician. The use 

of the title “physician” will indicate the relationship that either the resident or the 

attending has in relation to either a virtual patient or to a real patient. The other user of 

the VROC is the “director” whose role is to make sure that the simulation moves forward 

and does not get stuck. The director has the added responsibility of assembling all of 

the files necessary for each simulation patient plan and treatment.  
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Materials 

Based on the workflow described in Chapter 3, the minimum equipment required 

for the simulation of the clinical RO workflow include the following computer systems: an 

EMR, a TPS, and an R&V. An electronic medical record (EMR) system is needed to 

contain and organize patient information, a treatment planning system (TPS) is needed 

to define target volumes and create and approve treatment plans, and an R&V system 

is needed for the treatment verification and review. While it could be possible to 

simulate these types of systems, the best way to insure realism for the end-user is 

through the use of commercially available software.  

An in-kind loan between Varian Medical Systems (Palo Alto, CA), University of 

Florida (Gainesville, FL), and UF Health Cancer Center at Orlando Health (previously 

under the name MD Anderson Cancer Center - Orlando) was granted to provide clinical 

computer systems to be used to build the VROC system. The commercial software 

available through this agreement included one Eclipse™ treatment planning station and 

two Aria™ workstation (R&V and EMR). One advantage to the Varian system compared 

to other systems on the market includes the fact that all components of the system 

utilize a common database. This means that there is a single patient file that is shared 

between the EMR, TPS and R&V system, eliminating the need for file transfer in and 

out of different components within the RO workflow. This further facilitates automation 

for the simulation. Another advantage is that different software products run on a 

Microsoft Windows platform that can allow the use of other Microsoft or PC-based 

software to run on the same platform.  

Even though this system uses a common database, the actual product is a set of 

several applications that each has different functions within the RO workflow. Table 4-1 
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is a list of all of the Varian software applications that were available. The specific utility 

of each software module is described in the table along with the specific step in the RO 

workflow for the VROC where the application would be used. Some applications are not 

needed for the VROC because they are designed to support elements of the radiation 

oncology or medical oncology process that do not need simulation, such as accounts 

receivable and chemotherapy scheduling and treatments.  

To summarize the Aria™ and Eclipse™ system applications, the EMR system is 

consists of the applications Patient Manager, Time Planner, and Scheduling. The R&V 

is made up of the application RT Chart, Chart QA, and Offline Review. The TPS is the 

single application of Eclipse™. The components that a physician typically works with in 

a clinical setting include Patient Manager, Time Planner, RT Chart (rarely), Offline 

Review, and Eclipse™. These were the key components used for the VROC system. 

Both Eclipse™ and Aria™ also include administration modules that were needed in 

order to add patients, configure the system, and test the workflow. These tools are only 

used as part of setting up a system and creating patients and are not used within the 

VROC other than to delete or archive patient files at the end of the simulated treatment. 

Another option required for the development of the VROC included access to 

patient radiation oncology records. A protocol was approved through the Internal 

Review Board (IRB) at UF Health Cancer Center, Orlando at Orlando Health (under the 

name M.D. Anderson Cancer Center, Orlando) to allow the use of patient records for 

education purposes and for the development of a simulation training tool. All data had to 

have patient identification information removed and the patient data was not meant to 

be shared other than for educational purposes.  
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The other materials needed included software to develop a metrics calculation 

code, as well as DICOM editing tools and DICOM image management tools. A student 

license of MATLAB™ (MathWorks, Natick, Massachusetts, USA) was installed on one 

of the VROC workstation to allow code to be developed for use within the VROC. A free 

DICOM viewer was used to easily view both the DICOM header and the images 

throughout the development process. (Santesoft DICOM Viewer 3D, Santesoft, LTC, 

Athens, Greece).  

Additional development for the VROC included creating documents and forms. 

User manuals for various system users were written and made available on the VROC 

system desktop. In some of the applications, it was necessary to have the user fill in a 

request form or a feedback survey. Online forms were created using Adobe 

FormCentral™ (Adobe Systems, Inc.). This allows forms to be shared via the internet 

and a set of icons was created on the desktop of the VROC system to represent 

different forms and surveys required as part of the VROC. 

Methods 

Specific methodology for developing the VROC system was to detail the desired 

simulation workflow. This workflow included identifying all elements of the RO workflow 

from Chapter 3 as well as interactions between the instructor and the trainee that were 

specific to the simulation. The general RO workflow of Chapter 3 had to be broken down 

for each specific task that was performed. For each task, both the data elements, as 

well as appropriate software from the materials list were identified. Areas where 

computer code or a process had to be developed are labeled as VROC. This included 

any tasks that are typically performed by other RO team members. 
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A detailed table was created to begin the development process. The table 

included specific options for software as well as the specific task that was to be 

performed. The entire table is included in Appendix A. As with many development 

projects, various tasks were developed simultaneously. In some cases, processes had 

to be developed by trial and error.  

The developed aspects of the VROC fall within eight specific categories that can 

be identified on a VROC workflow diagram in Figure 4-1. The typical RO workflow items 

are labeled numerically from 1-5. The eight items that were developed are listed below:  

 A. A virtual patient for RO purposes, and a methodology for creating the virtual 
patient.  

 B. A method for describing a specific simulation scenario including patient and 
simulated error within the VROC system  

 C. A program to calculate contour metrics for contour comparison 

 D. A program or process to check the prescription  

 E. A program to generate a metrics for plan comparison  

 F. A virtual machine to generate the different treatment records and verification 
images representing daily treatments 

 G. A Program to calculate treatment plan metrics for final treatment review 

 H. A Final feedback and exercise on error mitigation.  

Virtual Patient (Figure 4-1 A) 

The virtual patient represents the collection of all of the data elements needed 

anywhere within the RO process to simulate a patient receiving radiation therapy. The 

virtual patient is created by copying and replicating actual patient images and hospital 

records for a patient who has received radiation therapy. All patient data must be de-

identified such that the actual patient identity could not be discovered. It will be part of 
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the simulation director’s role to collect these items and organize them for use within the 

VROC. A detailed procedure and checklist for how to copy, anonymize, and upload 

these images into the VROC is included in the VROC Director User Manual available at 

the UF Digital Archive (Object 4-1). The detailed list of files from the actual real world 

patient that are needed to create the virtual patient is included in Table 4-2. Steps 1-5 of 

the RO workflow are described below to explain how each of the files are used to 

simulate the patient within the VROC.  

Object 4-1.  VROC Director user Manual as PDF document (.pdf file 256 KB)  

Step One of the process is the consultation. For the purposes of the VROC, the 

face-to-face interaction of the consultation process itself is not currently simulated. The 

trainee will, however, have the opportunity to review all documents and chart 

information that would typically be available at the time of this consultation within the 

Patient Manager application. This should be adequate information to determine if 

radiation is appropriate. The information that is contained in the VROC will be taken 

from an actual real-world patient where all patient identifying information has been 

removed or replaced.  

Step Two in the process is the treatment preparation. The information for the 

virtual patient will be created by making a copy of the digital documents and images of 

an identified real-world patient treatment. The copy of these files will be made 

anonymous, and saved in the virtual patient folder. Files include all required diagnostic 

imaging as well as the treatment-planning-specific CT and MR images. The actual 

patient treatment plan, contoured structure files, and dose distributions will be retained 

to compare the simulation values to the expert. This entire patient record is copied, 

anonymized, and stored in a file called “EXPERT” within the virtual patient file folder so 

http://ufdc.ufl.edu/IR00003656/00001
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that the structures and the treatment plan can be compared later in the simulation 

during metric calculations and feedback. Another copy of the entire patient record is 

created by deleting the treatment plans and dose calculations and deleting the target 

volume structures. The remaining patient file on the Eclipse™ system includes the 

treatment planning CT, supporting medical images (MRI or PET), and all normal tissue 

contours. This entire patient record can be copied and stored under the folder “START” 

within the Virtual Patient file folder so that at any time, the old patient can be purged 

from this system and a “clean” patient record can be recovered. Detailed instruction on 

how to create this patient is included in the director’s user manual. 

Step Three of the process is the treatment planning. This process is not usually 

performed by the physician; however the physician is skilled in evaluating plans.  To 

simulate a set of treatment plans developed by the physics staff, a set of pre-calculated 

treatment plans will be created when the virtual patient is created.  The simulation 

director is responsible to create the pre-calculated treatment plans based on the initial 

real-world patient treatment, and based on the type of errors the resident director would 

like to simulate. The actual patient treatment plan within the TPS is copied and changes 

are made to create errors within the plans (at the discretion and direction of the 

instructor). Some of the easiest errors to simulate include changes to prescription and 

changes to energies. A patient record or file within the Eclipse™ & Aria™ system can 

have many different treatment plans. The simulation training sets typically have 

between 2-4 different treatment plans. When creating the virtual patient, these plans will 

be created and the entire patient record will be archived into a folder named 

“MULTIPLE” in the virtual patient record.  
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Specifically within the simulation, once the trainee has completed contours, the 

director can load the entire patient record from the “MULTIPLE” folder into the virtual 

patient record that the trainee was working on. This will make all of the treatment plans 

available for review at one time. Once the plans have been uploaded, the trainee will 

review the different plans using tools of the TPS. It is the trainee’s responsibility to judge 

the plans, based on how well they achieve the planning objectives. For treatment plan 

approval the resident is expected to be able to understand that different screens within 

the planning system and know how to extract the numbers that are required for them to 

evaluate a plan. Once the trainee is satisfied that a clinically appropriate plan has been 

developed, they mark the plan as “approved” within the TPS. Based on the approval of 

the plan, a set of metrics will be generated representing the approved plan compared to 

the plan that was used to treat the actual real-world patient. 

Step Four of the process is plan preparation. Other than approving the treatment 

plan, the physician does not typically prepare the plan for treatment. This step will be 

the responsibility of the simulation director. Before the treatment plan is ready for 

treatment, it must have both “plan approval” in Eclipse™, and “treatment approval” in 

the RT Chart. These approvals are in part because the system is a clinically available 

product and these checks are mandated to force a check of all the treatment beams 

prior to patient treatment. In order for the approved plan to be ready for treatment, each 

treatment beam in the plan has to have an assigned reference image. The reference 

images are DRRs that are calculated within the TPS by ray trace through the treatment 

planning CT scan. The DRRs are reconstructed for each beam angle and represent the 

ideal patient position for treatment. When the reference images are created, they are 
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assigned a unique DICOM identification number that indicates the specific software 

used to create the file. Other details included in the DICOM header include all of the 

details about the beam and patient orientation. The DICOM treatment plan (RT_PLAN) 

file contains all of the machine settings for each beam for treatment and also includes 

the specific identification number of the reference image assigned to that beam. All of 

the unique identification numbers (UID) are created when the files are created and 

approved. When virtual patient treatment occurs, the treatment verification images and 

treatment files have to reference the correct plan UID and image UID in order to match 

the files to the correct patient, plan, and reference image. Because of these details with 

the DICOM header and the UID, all files are created in real time as part of the 

simulation process and cannot be prepared ahead of time. 

Step Five in the process is the treatment delivery and the radiographic 

verification images that are taken at the time of treatment. Daily treatments will be 

represented in the R&V system by both treatment records of machine settings that are 

used to chart the number of daily treatments given and the accumulated dose. 

Verification or localization imaging will be checked using R&V software. The files 

representing daily treatments are uploaded on a day-to-day basis so that the simulation 

will run in real-time. The collection of software that was written to create the daily 

treatment record and the verification images are described in the upcoming section on 

the virtual treatment machine.  

When the virtual patient is created, template images representing portal images 

and kV x-ray images for a perfect patient setup are created. The Eclipse™ software 

allows the user to change the settings when creating the DRR to vary the contrast by 
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changing the relative weighting of different ranges of CT values for the simulated 

radiograph. It is possible to create DRRs that look more like conventional MV portal 

images. This process is only done when the virtual patient is created. The template 

images can be further degraded or shifted to represent errors as part of the daily 

treatment process, which is described in the section on the virtual treatment machine. In 

addition to the template portal and kV images, if the instructor would like to use CBCT 

images for this virtual patient, a dataset of the actual patients CBCT images have to be 

stored in the virtual patient file.  

Scenario Request (Figure 4-1 B) 

The VROC system was created specifically for educational purposes. In order to 

achieve specific educational objectives, the scenario request form was created to allow 

the instructor to request a specific patient and specific errors to play out as part of a 

simulation scenario. Each virtual patient could have several different scenarios that vary 

in the level of complexity. The VROC was intentionally made flexible to accommodate 

all types of errors that can occur, both dosimetric and spatial errors. In addition, the 

virtual patient can be set up to contain more than one error. For each scenario it is 

important that there be specific learning objectives and expected responses from the 

user when they encounter an error in the VROC simulation. These objectives can be 

used at the end of the simulation to ensure that trainee learned the desired information 

or response. 

The Scenario Request Form is used in order to build the virtual patient The 

current form is a web-available form maintained at Adobe FormCentral™, but has also 

be uploaded to the UF Digital Library and can be found as the VROC Scenario Request 

From (Object 4-2). The information that the simulation director needs in order to gather 
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information to build the virtual patient include: actual patient name and / or medical 

record number, the specific image sets that are needed, and the specific documents 

that should be replicated. 

Object 4-2.  VROC Scenario Request Form as PDF document (.pdf 53 KB)  

The instructor should indicate any specific treatment planning errors that they 

want to show to the trainee and why they have chosen these errors. If there is a specific 

response they expect from the Trainee, they must indicate that as well. The same is 

needed for treatment delivery errors. The table of errors from Chapter 3 is included in 

the instructor user manual so instructors may review the types of errors available for 

simulation. Also, information on how to write a learning objective is included in the 

VROC Instructor User Manual (Object 4-3) located at the UF Digital Archive. The other 

information that is needed from the Instructor includes any supplemental reading for the 

trainee and any specific assessments of learning that the instructor would expect of the 

trainee. 

Object 4-3.  VROC Instructor User Manual as PDF document (.pdf 175 KB)  

Contour & Prescription Comparison (Figure 4-1 C & D) 

After the trainee has reviewed the documentation and diagnosis of the patient, 

they must review patient CT images and identify the area to target with radiation. The 

trainee should be able to independently log into the TPS, open the patient file, and 

delineate the target volumes on the CT dataset. This is a typical expectation for actual 

real world residents working with patients, so this is no difference for the VROC. 

Specific instructions on how to do this are included in the VROC Trainee User Manual 

(Object 4-4). It is quite common in a busy center for the normal tissue contours to be 

defined by the dosimetrist or the physicist, so the initial patient file for the virtual patient 

http://ufdc.ufl.edu/IR00003660/00001
http://ufdc.ufl.edu/IR00003655/00001
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within the TPS for the VROC system will have all of the normal tissues pre-defined, but 

will not have contours for any of the target structures. When the trainee is done 

contouring all of the target structures, they save the treatment plan.  

Object 4-4.  VROC Resident User Manual as PDF document (.pdf 2 MB)  

At this time the trainee will also need to specify all of the dose constraints for the 

plan. The prescription (Rx) within many of the EMR and R&V systems associated with a 

treatment plan contain only space for a single target structure name with one total dose 

and the number of treatments. This is inadequate to define the entire treatment plan. 

Many facilities use a spreadsheet or simple notes to describe the planning intent for the 

variety of targets and objects at risk. Another web-enabled form (Adobe FormCentral™) 

was created for the trainee to fill in all requested doses and dose limits to normal 

tissues. This form simply has a list of targets that the trainee can fill in, along with 

corresponding dose and fractionation. For the organs at risk, the trainee must list a dose 

limit to a specific volume of tissue or a maximum dose. There is also space to record up 

to eight objects at risk and their corresponding dose limits. A copy of the Rx Request 

Form has been uploaded at UF digital archive (Object 4-5). Prescription values that 

were used to treat the actual patient compared to those entered on the prescription form 

can be compared within this version of the VROC, and the results e-mailed to the 

trainee as a table. 

Object 4-5.  VROC Rx Request Form as PDF document (.pdf  89 KB)  

Contour comparison metrics are calculated by comparing the DICOM structure 

file that is saved in the VROC system corresponding to the trainee contours compared 

to the DICOM_RT structure file that was saved in the “EXPERT” folder when the virtual 

patient was created. This DICOM file contains coordinates per CT slice for each 

http://ufdc.ufl.edu/IR00003657/00001
http://ufdc.ufl.edu/IR00003659/00001


 

95 

contoured object. The coordinates can be read into MATLAB™ code and converted to a 

3D polygon. Mathematical subroutines within MATLAB™ are used to calculate the 

interception of different 3D objects. This, along with the volumes of the two structures, is 

used to calculate the Dice’s similarity coefficient based on Equation 3-1. The 

percentage of the expert’s target that is excluded in the trainee contour is also listed, 

and the volume in cubic centimeters of normal tissue that the trainee included within 

their target volume is calculated. A table of these values can be exported from 

MATLAB™ and emailed to the trainee and the instructor to compare the contours. An 

example of these calculations for a lung target case is shown in Table 4-3.  

Plan Comparisons Metrics (Figure 4-1 E) 

The next area to be developed included feedback metrics comparing different 

treatment plans. If the trainee chooses a plan with an error, the simulation is stopped 

and metrics are calculated comparing the plan with errors to the standard plan. The 

cumulative DVH corresponding to the standard and the error plan can easily be 

exported from the Eclipse™ workstation, either during the virtual patient preparation or 

when the metrics are calculated. The DVH file is a file with percentage dose and 

percentage volume columns for each different contoured structure. All of the metrics for 

comparison are calculated from the DVH file. The equations and details about how 

these values were calculated are given in Chapter 3.  

Code that was published in the literature (69) was adapted to give feedback for 

the plan comparison. This code calculates EUD and NTCP for normal tissues and EUD 

and TCP for target structures. Additional required input for the metrics calculations 

include total number of fractions and the prescribed total dose. The equations for EUD, 

TCP, and NTCP require specific input that are different for each structure and relate to 
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the radiation response of different tissue types. More details about the specifics of the 

metric calculations can be found in Appendix B.  

From the DVH, the MATLAB™ code was also used to extract the percentage of 

the target volume within the prescribed dose. Also, of interest was a measure of the 

conformity of the prescribed isodose line to the target volume. The most common metric 

for dose conformity that is reported in the literature was the Jaccard conformity index 

(59)  

 (   )   
|   |

|   |
                                                         (4-1) 

where A is the volume of the target within the prescribed and the intercept of A and B is 

the total tissue volume within the prescription isodose line. Both of these values can be 

extracted from the DVH. 

The calculation of all of these metrics for both the error plan as well as the plan 

without errors presents a significant amount of data that could be confusing to the 

trainee. In order to try to evaluate all of the metrics and their changes with severity of an 

error, tests were designed to evaluate the metrics and their changes with severity to 

recommend a final report for the VROC system. This is the subject of Chapter 6 

Virtual Treatment Machine (Figure 4-1 F) 

When the resident has selected an acceptable plan for treatment, the patient will 

proceed with virtual treatment. The intent of the VROC is that it will run in real time so 

each day represents a single treatment. The virtual treatment machine is a collection of 

four different computer programs. One creates the file that represents the treatment and 

daily dose. The other three programs correspond to the three different imaging types 

available: portal Images, orthogonal kV images, and CBCT images. The information 
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from the Instructors scenario request form will be used to select the specific imaging for 

each virtual patient. Each day the files will be created and uploaded into the R&V 

system for all virtual patients undergoing treatment. Details about the four different 

programs are described below. 

Treatment record: The RT_TREAT file is a DICOM record generated by the 

treatment machine. This DICOM file includes patient treatment plan settings (desired 

beam settings) and also records actual beam settings at the time of treatment. At the 

time of treatment an RT_PLAN file is sent to the treatment machine and used to 

program the treatment machine settings. The machine interfaces with the R&V 

computer to compare the RT_PLAN settings to the actual machine settings. Both actual 

and planned settings are recorded into the RT_TREAT file. To represent a patient 

treatment error, the parameters in the DICOM file associated with the specific machine 

setting can be changed using MATLAB™. For example to represent a patient setup in 

the wrong location, the table parameters can be changed. To represent a change in the 

amount of time the machine was on, the MU settings can be changed. Within the clinical 

situation, if the treating therapist does not use the settings from the plan file (within a 

narrow range), they must acknowledge this deviation and override the parameters from 

the plan. A line in the treatment record will record this machine override with a time and 

date stamp of the treating therapists’ electronic signature. For patient treatments, the 

physician does not scrutinize this RT_TREAT file and only uses it as a means of 

determining if treatment has or has not been given. Therefore, for the VROC purposes, 

the RT_TREAT file is primarily used so that the dose accumulation within the VROC will 

be accurate. 
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Portal images: Portal images were described in Chapter 3 on workflow. These 

images are of a poorer quality than traditional kV x-rays. Also, they are taken to 

represent the actual beam shape for treatment, and therefore are often of a very small 

cross-section of the patient and show limited anatomy. A template MV portal image was 

created as part of creating the virtual patient. This template MV image is then modified 

to create the daily verification portal image for the VROC.  

The specific modifications to the image for the VROC include changing the 

DICOM header as well as changing the image itself. The DICOM header information 

has to be changed to reflect the correct date and time stamp to represent daily 

treatment. The DICOM UID in the portal image must match the approved treatment plan 

or the file will not load into the system. Other information in the header includes the 

gantry angle and magnification of the image. These are not changed, but are needed in 

order to modify the image to represent a setup error.  

The image can be changed to simulate actual patient setup errors. This is done 

by shifting the entire image by the amount of the simulated setup error prior to 

uploading the image into the R&V system. This process is illustrated in Figure 4-3. The 

first panel shows an example x-ray. The center of the image represents the treatment 

location. Before shifting the image, a set of black pixels is added to the image and the 

center coordinate is shifted by the amount of the setup error. The center pixel is moved 

and then an image of the same number of pixels as the original images, but centered on 

the new location, is written to file. This same process will apply for all image types in 

order to simulate a setup error. 
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Another complication for the portal images is that they are taken at a specific 

gantry angle that may not correspond to the patient Cartesian coordinates used to 

describe patient setup errors. A matrix transformation was used to convert the patient 

coordinates to the image coordinates. This has been reported in the literature for 

comparisons of films taken at different gantry and table angles (79). The transformation 

used to translate the patient coordinate system to the film coordinate system is given in 

Equation 4-1 where (u,v,w) are image coordinates, (x,y,z) are patient coordinates,  

represents the gantry angle, and  represents the table angle. 
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Specific tests were done to test the accuracy of the error simulation. These are reported 

in Chapter 5. 

Daily KV image verification: Another method of treatment verification requires 

films to be taken daily using a kilovoltage (kV) x-ray source. In this case it is customary 

to take these kV images as a right lateral (RT) and as an anterior (AP) projection 

(assuming supine, head first, position). Template kV AP and RT lateral images of the 

ideal patient position are created when the virtual patient is created. Unlike the single 

image application of the portal images, the orthogonal image pair allows 3D patient 

registration within the linac Software. This means that at the time of patient treatment or 

images, the machine settings are captured. The 3D registration process is the process 

of comparing these newly acquired x-ray images to the reference images that were 

stored in the treatment plan. When the new images indicate that the patient needs to be 

moved, the treatment couch can be shifted remotely and the new couch positions, along 
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with the magnitude of the shifts, are recorded in a registration File. The registration file 

also records the specific image DICOM Unique Identify Value (UID) for both the new x-

ray image and the reference image in the plan.  

To simulate setup deviation in the kV images, the template images are loaded 

into MATLAB™. Code is used to pad the images with black pixels and then to shift the 

images based on the patient shifts. Code is also used to create a registration file. 

Depending on the specific situation, the registration file can indicate a correction to the 

setup error that was introduced in the verification images. Before saving all of the files, 

the newly simulated kV images and registration file have to reference the UID for the 

correct treatment plan and for each of the reference images. This is all handled within 

the subroutines. The final product consists of two kV images and a registration file. All 

three must be loaded into the R&V system to represent the image registration process. 

The testing of this code and the accuracy of different setup error simulations is the 

subject of Chapter 5.  

Treatment verification CT images: The final type of image verification used 

clinically is a 3D dataset of axial slices of Computed Tomography images of the patient. 

These images are acquired using a Cone-Beam CT technique (CBCT) that uses a 

single x-ray tube and a flat panel imager. The 3D dataset is reconstructed during 

acquisition and can be used to align the patient based on internal anatomy. The CBCT 

can also be used to detect internal anatomical changes and determine if a plan needs to 

be modified. The CBCT dataset consists of a set of 64 CT slices encompassing 

approximately 15 cm in length centered on center of the treatment machine rotation 

(isocenter). The goal is to position the target area of the patient at the isocenter. Due to 
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the imaging equipment, there are couch limitations that do not allow the patient to be set 

far to the left or the right to make sure the equipment will clear as it rotates around the 

patient to generate the CBCT. When treating areas far to one side or the other, the 

images are taken with the patient centered at the machine and after the images are 

taken the patient is shifted to the treatment location. 

The CBCT dataset is a 3D data set so a shift in the patient coordinates 

corresponds to the same direction in the CBCT coordinate system. Shifts in superior 

and inferior direction means that the entire CBCT dataset will load into the review 

software at a different location relative to the treatment planning dataset. With the 

current VROC system, this can only be simulated by changing the Z coordinate within 

the registration file. Shifts in either the lateral direction or in the AP direction can be 

simulated by physically shifting each of the images the same way, as described in 

Figure 4-3.  

Similar to the kV image alignment, a registration file is created at the time the 

CBCT image is acquired at the actual treatment machine. The registration file contains 

a list of each of the DICOM UID for both the reference CT scan as well as the CBCT 

scan in order to match the two image sets together. Because of the complexity of this 

file, the workflow to generate the CBCT images requires the Director to load the trainee-

approved treatment plan onto the actual patient treatment machine to create the 

registration file. This is only done once for each treatment plan. Based on trial and error 

this was the easiest way to create the record with the correct image UIDs. 
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Registration file from the 4D console: The specific steps that are required to 

create the simulated CBCT images are listed (and are detailed in the Director User 

Manual)  

 Simulation director exports approved RT plan CT images  

 Deliver a CBCT using these files in order to generate a template Registration  

 Transfer new Registration file into MATLAB™ 

 Transfer actual patient CBCT into MATLAB™ 

 MATLAB™ program to shift images & change header information on real patient 
CBCT to virtual patient approved plan.  

 Save the new CBCT images 

 Change the AET of the CBCT images to match a Varian machine 

 Change the DICOM tag information for each CBCT image in the Registration file 
to match the new UID for each DICOM image 

 Change the AET of Registration file to Varian machine. 

As with the kV and portal images, the verification of the code for the CBCT images and 

the accuracy of the setup error simulation is the subject of Chapter 5.  

Final Plan Report (Figure 4-1 G) 

The final plan report is generated based on the total treatment simulation, and 

depends on the number of treatments given which contain errors compared to the 

correct treatments. The simulation director can create a composite treatment plan 

based on the number of different treatments that were given to the virtual patient. For 

the initial VROC development, the simulation will be stopped early when errors occur 

and go undetected. The trainee will have two opportunities to correct the error, but if 

they miss an error after these two attempts, the simulation is stopped. The system 

assumes that the remaining treatments include the error. The reason the simulation is 
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stopped early is to provide feedback and correction close to the time the error occurs. 

Because some treatments can go for up to 6 weeks, there is no benefit in allowing a 

continuation of the error, which could have the effect of reinforcing the error to the 

trainee. 

If the trainee detects the error, then the error is corrected and the simulation 

continues. At the end of the simulation, or when the simulation is stopped, the same 

metrics that were described for the plan comparison are calculated. Ideally, the metrics 

will help the trainee understand the overall consequences of the error. A complete 

analysis of the different feedback metrics and how they change with errors is the subject 

of Chapter 6. 

Final Error Exercise and Debrief (Figure 4-1 H) 

It is customary within simulation training to provide an opportunity to answer 

questions and to give feedback to the trainee at the end of the simulation. This is an 

opportunity for the instructor and the director to determine if the learning objectives were 

met. For the VROC, a tool to perform an error mitigation was developed to facilitate 

some questions for the debrief session between the trainee and the instructor. The error 

mitigation exercise was created to try to follow specific methods for conducting a root 

cause analysis (RCA). The exercise itself is a form that forces the trainee to stop and 

think about the error that occurred and why the error occurred. The specific details 

about the theory of RCA and how this tool was developed is the subject of Chapter 7, 

and a copy of the RCA Form is stored at UF Digital Archive (Object 4-6). At the end of 

each VROC experience, both the Instructor and the Trainee are asked to fill in a survey 

about the specific simulation to help provide opportunity for improvements in future 
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development and to modify scenarios that are confusing or ones that do not achieve 

their desired objectives. 

Object 4-6 RCA Analysis Form as PDF document (.pdf 89KB) 

Documentation 

Because there are three different users in the VROC system – the Trainee, the 

Instructor, and the Director – a set of three different user manuals with the steps 

involved in conducting the simulation were developed as part of the development 

phase. These include, Object 4-1 Director User Manual, Object 4-3 Instructor User 

Manual, and Object 4-4: Trainee User Manual 

In the current configuration of the VROC system, the Simulation Director has 

many responsibilities. Their primary role is to create virtual patient cases based on a set 

of criteria from the instructor. In addition to real-world patient files, some additional data 

needs to be created, including multiple treatment plans and templates for the images. A 

checklist to assist in this process can be copied from the User Manual. The other role of 

the simulation director is to calculate metrics at the appropriate times and also to run the 

code to create daily treatment files and daily imaging files. For future development, 

many of these items may be automated. 

The primary roles of the Instructor are to identify clinical cases for the simulator 

and to debrief the trainee at the end of the simulation. The patient selection will require 

the instructor to identify types of disease sites and errors they would like to simulate as 

well as the learning objectives for each scenario. A single test patient can be used for 

many different scenarios as desired by the instructor. The other primary role of the 

Instructor is to facilitate a discussion or “debrief” at the end of the VROC exercise. It is 

at the instructor’s discretion how they wish to handle the debrief, but the RCA tool gives 

http://ufdc.ufl.edu/IR00003658/00001
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at least some indication of how well the trainee understands the different aspects of 

quality assurance within the radiotherapy process. The User Manual for the Instructor 

includes a sample VROC Virtual Patient Scenario Request and a sample RCA exercise, 

as well as a list of errors that have occurred in radiation therapy, and a description of 

the different reported metrics.  

The trainee user manual is meant to serve as a guide for how to navigate 

through the software used in the VROC. Because most of the software that the trainee 

interacts with is FDA-cleared and is widely used in radiotherapy, the User Manual is 

meant only to guide the user in the some aspects of the system that may be unique to 

the VROC. Some of the basic features of the software are identified in case the user is 

unfamiliar with basic tools of both the Aria™ and the Eclipse™ systems. Instructions are 

included in the manual so that the trainee can accomplish the tasks related to the 

VROC, such as contouring the target volume and selecting a treatment plan. The User 

Manual contains a detailed explanation of the different metrics that are reported at the 

time of contour feedback and the overall metrics, including a list of references for 

additional reading. Another chapter includes background information on different 

techniques used to complete an RCA, the importance of error mitigation. 

Summary 

In order to develop the overall system for a simulation in radiation oncology a 

detailed list of each task was created. This task list was used to begin development. 

Appendix A includes the detailed list that was used as a developmental checklist. The 

summary of all items that were created or developed for the VROC are listed in Table 4-

4. Some items are documents, some are forms, some are computer code and some are 

processes. Collectively, all are needed in order to create the simulation. 
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Figure 4-1 was used as part of the development process, to help describe 

required elements for the VROC and how those elements relate to the overall RO 

workflow. Once developed, another way to describe the developed items is through a 

schematic of the VROC system. Figure 4-2 is an illustration of the physical layout of the 

VROC. Physically, the VROC consists of a Windows server and two Windows™ 

computers one has Eclipse™ installed, and the other has all of the Aria™ applications 

installed. For ease, these will be referred to as the Eclipse™ workstation and the Aria™ 

workstation. The virtual patient is the compilation of all of the data that collectively 

represents the patient and patient treatments. This data is stored on the server and can 

be accessed from either of the VROC workstations. The Aria™ workstation is used to 

review patient information and treatment verification images. The Eclipse™ system is 

used to create virtual patients and by the trainee for contouring and plan review.  

For convenience, and due to computing capabilities, MATLAB™ code was 

installed on the Eclipse™ computer. All of the “Director Toolbox” items as well as the 

“Virtual Treatment Machine” items are codes that live within the MATLAB™ application 

and run directly from the Eclipse™ Workstation desktop. The feedback metrics are 

calculated from the MATLAB™ code and can be emailed to the trainee or instructor 

directly from the program or through the use of other email programs. 

All other products developed for the VROC can be accessed from any computer. 

While they are not technically on a “cloud” solution, they can be stored on any server 

and can be accessed from anywhere. The feedback reports for the preliminary VROC 

will be sent as email to the instructor and the Trainee. The VROC Scenario Request 

Form, RCA Form, and Prescription Form are all Internet accessible web forms available 
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through the Adobe™ website and also on the UF Digital Archive. All documents that are 

needed for use on the VROC system are installed on both workstations as well as on 

the UF digital storage system. 
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Figure 4-1.  VROC development overview. Steps 1-5 are part of radiation oncology workflow. Specific aspects of VROC 

that were added to create simulation are letters A-H.  
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Figure 4-2.  VROC components  
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Figure 4-3.  Illustration of how setup errors are simulated. A. Initial image B. Add band 

of black pixels around image C. Shift center the amount of the simulated error 
D. Read out the same image size centered on new image center (orange). 
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Table 4-1.  Varian software modules and their use within VROC 

Module 
Work-

flow  
Description VROC 

Activity 
Capture 

All Billing and report writing Not needed 

Chart QA 5 Weekly physicist check Not needed 

Document 
Approval 

1 ,2 & 5 
Approve consult, pathology, lab 

reports. (also duplicated in 
Patient Manager) 

Not needed 

Archive 1 
To manage large databases- 

Duplicated in Administration 
Not needed 

Patient 
Manager 

1, 2 & 5 
Demographics, documents, 

radiation treatment summary. 

Documents for review, 
patient under 
treatment review 

Report 
Manager 

5 
Reports of data within the 

database can be generated 

Statistics about the 
performance of the 
resident. 

Time Planner All 
Scheduling patient appointments 

and treatments. Can be viewed 
by location or staff. 

Manage resident 
schedule and work 
list. 

RT Chart 3-5 
Treatment goals, prescriptions 

track delivered treatments. 
Evaluate treatment 

Image 
Browser 

1 & 2 
Review all images (diagnostic and 

treatment planning images – 
can also be done in TPS). 

Not Needed. 

Offline 
Review 

5 
For reviewing of portal images, 

and treatment images 
Reviewing treatment 

images 

Portal 
Dosimetry 

4 & 5 For physics QA of IMRT patients Not needed 

Eclipse™  2 & 3 
Contouring, treatment plan, 

prescriptions, calculations  
Physician contouring, & 

plan comparisons 
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Table 4-2.  Files needed to create a virtual RO patient 

Type of Files Data Required 

Real Patient Documents 

 Pathology 

 Consultations (from other doctors) 

 Procedure notes 

 Diagnostic radiology reports 

Real Patient DICOM 

 Treatment planning CT 

 Other images (Pet and/or MRI) 

 RT_PLAN from clinical case 

 RT_STRUCTURE from clinical case 

 Copy of CBCT images from clinical case 

Patient archives from Eclipse™ 

 
“START” = Patient archive with images and only normal 

tissue contours – no plans 

 
“MULTIPLE” = Patient archive with multiple treatment 

plans and expert contours  

 
“EXPERT” = Patient archive includes expert RT_Plan and 

expert RT_STRUCTURES  

Template Files (created in TPS) 

 DRRs representing portal images for all treatment beams 

 DRRs representing AP and Lat kV images  

 
RT_TREATMENT from manual recorded treatments for 

“EXPERT” treatment file 

 DVH files for expert plan 
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Table 4-3.  Example results of contour comparison report 

Lung training case Name of structure 

 GTV CTV PTV 

Dice similarity 0.05 0.14 0.19 

Expert volumes (cc) 3.48 37.58 90.42 

Trainee volumes (cc) 2.93 5.65 12.31 

% of target missed 95.76 92.13 89.28 

Normal tissue included (cc) 2.76 2.69 2.62 
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Table 4-4.  Summary of developed VROC tools and applications 

Tool Software User Description 

Trainee user manual Document Trainee Manual for trainee 

Instructor user manual Document Instructor Manual for instructor 

Director user manual Document Director Manual for director 

Scenario request Form Instructor Request for a specific scenario 

Virtual patient checklist Document Director Checklist to create virtual patient 

Prescription form Form Trainee Trainee’s detailed prescription 

Contour_comparison.m MATLAB™ Director Compares two RT_STRUCTURE files 

Metrics.m MATLAB™ Director Generates EUD, NTCP, CI from DVH files 

Create_MV.m MATLAB™ Director Generates simulated portal image 

Create kV.m MATLAB™ Director Generates simulated kV/kV images and registration file 

Create_CBCT.m MATLAB™ Director 
Shifts registration & changes DICOM header of an existing CBCT 

image set to be loaded into a virtual patient 

Create RT.m MATLAB™ Director 
Creates RT_TREATMENT record to representing verified beam 

delivery 

Final report Document Director 
A report explaining errors that occurred, and summarizing all 

reported metrics 

RCA reporting form Form Trainee 
A step by step form to work through a preliminary RCA on the 

reported case 

Final VROC eval Form Trainee Survey of experience using VROC 
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CHAPTER 5 
ERROR SIMULATION TESTING  

Once the Simulation tool was built it was necessary to test the different 

developed components of the system. The VROC system was built specifically for 

training about errors that occur within the radiation oncology process. Errors can occur 

either in the preparation of the patients’ treatment plan or in the process of carrying out 

that treatment delivery. Within the clinical setting, there are several processes in place 

to catch errors that occur. Different team members are responsible for carrying out 

different aspects of these quality assurance measures. The physician is ultimately 

responsible to ensure that the patient treatment is carried out correctly and that the 

quality assurance measures are being performed. The specific opportunities the 

physician has to verify and check that the plan is being carried out correctly are at the 

time of prescription entry, initial target delineation, planning approval, and daily 

treatment image review. The VROC system will incorporate errors and allow appropriate 

opportunity for the physician to catch these errors. Contour errors are handled at the 

time of contour feedback and in the current VROC are not propagated through to 

treatment. Errors that occur from prescription errors or from treatment plan errors will be 

handled within the treatment planning system within the VROC. Errors that occur at the 

time of treatment will be shown to the trainee by means of the simulated treatment 

images. Validation of the error simulation included testing of the algorithms used to 

produce the verification images. 

Background 

In the VROC system, a virtual patient consists of a set of DICOM image records 

that can be loaded into the Varian treatment planning and R&V systems as described in 
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Chapters 3-4. Errors can occur at a number of places within the overall radiation 

oncology workflow. A summary of errors that have occurred in radiation oncology was 

included in Chapter 3. It is the goal to use the VROC specifically for errors training, and 

therefore errors will occur at a much higher frequency than they would in a real clinic for 

training purposes and to stress the importance of a good quality assurance program. 

In general, radiation errors can be classified as either dosimetric or as spatial. 

Dosimetric errors are those in which the overall error results primarily in a change in the 

dose delivered. Spatial errors are those that are primarily a result of the dose being 

delivered to the wrong location. It has already been pointed out in the literature review 

that the dosimetric errors occur most frequently in the preparation and planning steps of 

the radiation process and spatial errors occur most often at the time of treatment.  

Dosimetric errors can occur as a result of errors in the prescription or due to 

incorrect use of the treatment planning system. Within the real radiation clinic, these 

types of errors are prevented or detected by the peer review process as well as by a 

detailed chart review process. Peer review involves a peer physician evaluating the 

contours, the prescribed doses, and the overall goals for treatment to see that they 

meet general standards of care. The report on safety in radiation oncology (4) give 

specific details on how to conduct a peer review. There are also standards on what 

target structures should be drawn and general guidelines for prescription can be found 

through the National Comprehensive Cancer Network (NCCN) (www.nccn.org) (80). 

The chart check process is completed by a physicist who reviews the chart to 

make sure the correct machine settings and dose algorithm within the TPS have been 

used, and that the planned dose matches the prescribed dose and has transferred into 

http://www.nccn.org/
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the R&V correctly. The physician is also required to sign off of the treatment plan prior 

to initiation of treatment. It is the responsibility of the doctor to verify that the plan 

matches the prescription and the overall intent of treatment. The physician should also 

be aware of the obvious details of the plan, specifically how long each beam would 

remain on, and the general direction of each beam. They should also be able to 

evaluate the plan relative to normal tissue doses to make sure the plan is safe. This 

would include being able to check details within the R&V system. 

Errors that can occur at the time of treatment relate to delivering the prescribed 

plan to the correct location. The highest frequency of delivered treatment errors is 

patient setup errors. This specific type of error represents roughly 20% of all errors that 

included in the ROSIS data. A number of other setup errors go unreported because 

even though an error occurs, if a portion of the target volume is still treated and there is 

no risk of side effects, it may go unreported.  

Quality assurance for treatment delivery includes the therapists checking one 

another and verifying that the patient is setup as described in the prescription and 

treatment plan. The second method of verifying the patient setup is through the use of 

imaging. Depending on the imaging protocol, images will be taken either daily or 

weekly. The images that are taken are compared to reference images that relate back 

to the correct treatment setup. Radiation therapists carefully check the patient setup by 

inspecting the daily images. This is the first level of quality assurance for patient 

treatments. Also it is expected that any images that are taken are approved by the 

physician on the day in which they were taken. In the event that a verification image or a 

treatment file indicates that an error has occurred, it is the physicians’ responsibility to 
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flag the error and to make recommendations for corrective measures. In an actual 

clinical situation, if the physician fails to catch an error, or they fail to review the film 

daily, there is a strong likelihood that the error could occur again.  

Methods 

Several different error types were simulated using the VROC system to test the 

overall VROC process and to test that errors realistically matched actual errors that 

could occur within a clinical setting. The primary focus was to validate developed 

software that was created for the VROC system. The components that utilized 

commercial software were tested to make sure that a particular error could be created, 

but validation testing was not necessary. The workflow from Chapter 3 was re-created 

with a list of all of the opportunities for different feedback in the simulation process.  

Figure 3-1 was used for describing the error simulations. 

Errors in Pre-Planning and Treatment Planning 

Within the VROC, contouring error can occur, but for training purposes these 

errors are not carried through to treatment. Instead, feedback is given to the trainee 

about the overall agreement of their contour to the expert contour. The instructor can 

specify how they wish to proceed if the contour does not meet a threshold Dice’s 

similarly coefficient for agreement, such as requiring the trainee to repeat the contour 

process. Because the contouring tools themselves were commercially available 

products, there was no need to validate the tools for performing contouring. The 

validation of the metrics that were calculated relative to the contours is included in the 

metrics testing in Chapter 6.  

Because the VROC system specifically uses commercial software for the 

developed treatment plans, any type of prescription dose error that can occur in a real 
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clinic can be duplicated within the VROC. In order to simulate a prescription error, the 

original treatment plan is copied and the prescription dose in the plan is changed. The 

plan immediately updates with the new information. Several plans with different dose 

prescriptions were created as part of the testing of the metrics calculations in Chapter 6. 

The added prescription form allows the VROC to simulate a “Peer Review” process by 

comparing the trainee prescription to the expert prescription. No calculations are done 

for this review; it is a simple side-by-side comparison per each structure. 

Because the VROC system uses a clinical treatment planning station, any clinical 

treatment planning error can be simulated. It is not typically the physician responsibility 

to check all of the technical details of plan development, but the physician should check 

those items that relate to the overall dose distribution by evaluating each CT slice as 

well as the composite and fractional doses on the DVH. For example the use of the 

wrong energy should be evident in the treatment plan because the organs of risk may 

receive too much dose. To simulate this error, the beam energy is simply changed in 

the treatment plan. Another error could be that the planner failed to account for a 

specific organ at risk (OAR) a new plan can be generated that overdoses that particular 

structure. Several different planning errors were simulated as part of the metrics 

calculations for Chapter 6. Specific validation of the accuracy of the dose algorithms 

within the Varian Eclipse™ system is part of the initial acceptance test process that was 

completed with Varian when the system was delivered.  

Errors in Patient Treatments 

Errors in treatment that relate to a dose error can be simulated within the VROC 

by changing the radiation treatment record. This file is created using code as part of the 

virtual treatment machine. Within the RO workflow, the only aspects of the daily 
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treatment record that the physician typically evaluates are the number of daily 

treatments and the accumulated dose. A measure time the machine is on that is related 

to the dose given is called a monitor unit (MU). The number of the treatment records 

uploaded will determine the number of treatments. A separate treatment record is 

created for each beam for each treatment. To simulate an extra treatment a duplicate 

set of the files can be created and uploaded into the system and it will appear as though 

all fields were treated twice. To change the dose from any field the MU values can be 

changed and the dose that is recorded for each beam will change by the same ratio.  

Validation was specific to the daily dose tracking. Sets of delivered fields that 

included under dose from too few MU given as well as from treatment beams not being 

treated were tested. Over-dose situations where extra fields were treated or the MU was 

too high were also tested. The set of different dose errors was repeated on three 

separate patients to make sure that the code to generate the radiation treatment record 

was correct and that the files could be imported into the RT Chart software and 

represent the different dose errors.  

One of the main quality assurance tools in the daily treatment of patients is 

through the use of daily or weekly imaging. Within the VROC, errors that occur at the 

daily treatment are simulated within the verification images by using code that was 

developed as part of the VROC development. To test the accuracy of the VROC 

treatment error simulation, a set of tests were developed to test each of the three 

different image verification methods of the VROC system.  

Ground truth for the images and for the error was created using a radiographic 

phantom to represent a “real world” or physical patient. The VROC process was used to 
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for create a virtual patient by using the CT images of the radiographic phantom as 

though they represented an actual patient. Prior to scanning the phantom in the CT 

scanner, a set of metal fiducials were applied on both the anterior and lateral surfaces 

of the phantom. These were used to remove ambiguity when comparing the image 

location in the VROC software. For each of the three different verification imaging 

methods, a “real” patient file was created by scanning the phantom in a CT scanner and 

placing external marks on the phantom to assist in setting up this “real” patient on the 

treatment machine.  

For each of the three “real” patient files, the phantom was taken to the actual 

treatment machine (Varian 23ix with OBI) to acquire treatment verification images of the 

phantom in the correct treatment position as well as a number of other positions 

representing setup errors. Figure 5-1 is a photograph of the radiographic phantom on 

the treatment machine couch. The imaging panels and the kV x-ray source are 

deployed. The silver reflective markers on the phantom were used as some of the 

fiducials for the image registration. 

The same three “real” patient files were anonymized and their CT data used to 

create “virtual” patients within the VROC system. Virtual treatment images were created 

for the virtual patients using the virtual treatment machine code described in Chapter 4. 

For validation testing the images and records created by the treatment machine were 

compared to those simulated in VROC.  

All images both real and simulated were imported into the Offline Review (Varian 

Medical Systems) software that is incorporated into the VROC. The coordinates of the 

fiducials in each of the images or image pairs were recorded. The differences in these 
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coordinates were compared for all modalities to verify the simulation code for the 

images accurately simulate setup errors The Offline Review software in VROC handles 

each of the three imaging modalities differently under normal clinical circumstances. For 

these reasons, the specifics for each of the three imaging validation tests are handled 

separately.  

Daily orthogonal kV images 

The treatment plan for the Actual phantom plan was transferred to the treatment 

machine. The phantom was placed on the treatment couch and aligned to the setup 

marks that were used for the CT scan that should represent the ideal treatment position. 

An initial set of orthogonal images was acquired to verify that the phantom was 

positioned correctly. The treatment machine software was used to compare the x-ray 

images to the reference images. If the software indicated that the patient should be 

shifted, this shift of the couch was performed.  

Four different registration scenarios were identified. And all four possible 

alignments were checked for three different setup errors in the lateral, longitudinal, and 

vertical directions (x,y,z) of (3, 2, 1 ) cm , (2,1,3) cm, (5.4, 4.4, 3.0) cm. The four 

different registration scenarios are described below.  

1. Initially align patient correctly; register images correctly; do not shift patient; Final = 
patient aligned correctly.  

2. Initially align patient correctly; register images incorrectly; shift patient; Final =  
patient aligned incorrectly. 

3. Initially align patient incorrectly; register images correctly - shift patient; Final =  
patient - aligned correctly. 

4. Initially align patient incorrectly; register images incorrectly;  do not shift patient; 
Final = patient aligned incorrectly. 
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For each set of setup errors and registration situation, the orthogonal images and the 

registration files were captured at the treatment console. In cases where the registration 

required the treatment couch to be moved, that translation was physically performed 

just as it would in an actual patient scenario. In total there were 12 separate sets of 

image pairs that were taken of the radiographic phantom. 

Once all films were acquired they were imported into Offline Review. The 

coordinates of the fiducials and anatomical landmarks within the image were recorded 

for each of the images for both the initial phantom position as well as the registered 

phantom position according to the above 4 different registration scenarios. The known 

offsets that were introduced were recorded to verify that the coordinates of the fiducials 

changed by the correct amount. 

A virtual patient was created by copying the CT scan for the phantom. The 

VROC and MATLAB™ code along with the template images were used to virtually 

recreate each of the different setup errors and alignment scenarios create. A set of 12 

separate image pairs was created for the virtual patient. The simulated kV alignment 

films were loaded into the corresponding virtual patient in Offline Review. The 

coordinates corresponding to the fiducials and internal landmarks were recorded for 

each of the simulated films. 

The differences between the coordinates of the fiducials in the real vs the 

simulated films were calculated to verify the accuracy of simulated patient location 

within the images. The averages and the standard deviations of these points were 

calculated. Also, as part of the registration, both the initial and final registered isocenter 
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coordinates were recorded to verify the shift that is being reported and illustrated within 

the Offline Review.  

Portal images 

The same radiographic phantom was used to create an actual and a virtual 

patient for testing the portal images. A plan was generated representing beams with a 

variety of different gantry angles. The phantom was again positioned on the treatment 

couch and aligned to the initial setup marks on the outside of the phantom. Portal 

images were taken at each of five different gantry angles. The phantom was shifted at 

the treatment machine to represent a patient setup error and all five portal images 

repeated. This was repeated a third time and all portal images repeated. A total of five 

gantry positions for each of the three different setup variations were taken for a total of 

15 films were acquired on the phantom and were loaded into Offline Review. The 

coordinates of the fiducials in each of the images were recorded. 

The initial CT images were anonymized to create another virtual patient in the 

VROC system. The same treatment plan was created on the virtual patient as for the 

phantom. Also, as was described regarding the virtual patient, the template DRR 

images were created to represent the different portal images. Using the VROC virtual 

treatment machine system, the set of 15 different portal films were created to simulate 

the portal images that were taken with the phantom. These 15 different images were 

loaded into Offline Review and the coordinates of the fiducials were recorded. The 

differences between the real and the simulated fiducial locations of the images were 

calculated to determine average and standard deviations between simulated portal 

images and real portal images.  
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CBCT simulation  

A treatment planning dataset was created to make a new patient. The patient file 

was exported to the treatment machine and the following five different setups and 

registrations were created.  

1. Phantom aligned to correct location – imaged at correct location – registered to 
correct location (no shift and final alignment is correct). 

2. Phantom aligned to correct location – imaged at correct location – shifted to a 
“wrong” location using the registration software. (Treatment location is incorrect).  

3. Phantom aligned to wrong location – filmed at wrong location – registered and 
aligned back to correct location (shift and final alignment is correct) 

4. Repeat of #2 (Images are correct, shifted off from isocenter – different direction) 

5. Repeat of #3 – Images are taken at incorrect location – shifted back to correct 
treatment location. 

The five different alignment scenarios were performed on the radiographic 

phantom at the treatment machine. All sets of the registration images and the 

registration files were imported into the Offline Review system for verifications. The 

coordinates of the various fiducials were measured at both the acquired location as well 

as the registration location. A virtual patient was created to represent the same 

radiographic phantom that was used for the CBCT testing. This virtual patient was given 

a different name and a new plan was developed for this patient in the system. The initial 

CBCT dataset of the phantom was used as the template from which to derive all of the 

simulated scenarios. The same anatomical locations were identified and the coordinates 

recorded from the simulated CBCT dataset. The average and standard deviations of the 

differences in the coordinates were used to compare the actual and the simulated 

registration process. 
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Results 

Treatment Dosimetric Errors  

The daily treatment records were created for a test patient to include multiple 

fields treated and both under dose and overdose based on the number of MU given per 

each of the treatment beams. These files were imported into the VROC to verify that the 

dose recording based on the number and dose in the treatment fields matched the 

expected values. For the situations tested, the dose tracking matched the expected 

values. The simulation of a person overriding and typing in their credentials was not 

simulated in this initial development. This is a matter of identifying the correct field label 

within the DICOM header and making the appropriate changes to them. Additional 

modifications could be made for future work depending on the level of sophistication 

desired within the VROC. For the purpose of dose tracking, only the total fractions and 

the total dose were of interest at this stage in the development.  

Daily Orthogonal KV Images 

In orthogonal kV imaging one image represents a beam entering from the 

anterior of the patient or an AP beam. The other beam represents a beam entering from 

the patient’s right side and is called a right lateral. The right lateral beam indicates the 

patient offset in the superior/inferior directions (Y axis of the film) and the 

anterior/posterior direction (X axis of the film). The AP film indicates the left and right 

direction (X axis) and the superior/inferior direction (Y axis). Figure 5-2 is an example of 

one of the simulated test pairs of films. The images on the left side are the Lateral 

images, and the images on the right side are the AP images. The main window for both 

images is a fusion of the registration image (ideal or expected patient location) and the 
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simulated image, and the images in the bottom are the registration image (left) and the 

simulated film (right).  

For each of the films, coordinates for five unique points were measured. Three of 

the points corresponded to the metal fiducials and two were for anatomical points 

representing a point on one of the vertebral bodies and a point in the left lung. Also the 

coordinates of the isocenter at the time the film was acquired and the isocenter after the 

registration were recorded.  

Initial check of the VROC system was that all of the simulated films could be 

loaded into Offline Review and were able to be displayed correctly. Figure 5-2 is the 

simulated film setup that should mimic Figure 5-3 (real) phantom setup. What can be 

noticed is that the image quality or window and level between images are not exactly 

the same, and the edges on the wire fiducials for the simulated images are blurry due to 

the reconstruction which is based on CT slice thickness.  

When a patient is not setup correctly at the treatment machine and the therapists 

shift the patient after initial imaging, this is indicated by different colored crosshairs in 

the image in the Offline Review software. An orange crosshair indicates the location the 

patient was when the film was acquired and the green crosshair indicates where the 

patient was after image registration. This is illustrated in Figure 5-4 for the simulated 

setup error and in Figure 5-5 for the real setup error. Because the simulated films had to 

be manually shifted and cropped and also the registration file had to be modified to 

indicate a correction to the setup error, it was important to check the coordinates of the 

images as well as the coordinates of the two different isocenters.  
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To determine the overall accuracy of the simulated films compared to the real 

films the differences in the fiducials and isocenter points were taken. A total of 24 image 

pairs were available for evaluation, 12 “real” datasets and 12 “simulated” datasets. For 

each film, a total of 60 different data points were compared, along with the 12 acquired 

isocenter points and 12 actual isocenter points. The coordinates of the points were read 

out in pixel values and converted to mm. The pixel size of all films was 0.26 mm. The 

overall difference between real and simulated fiducial coordinates was 3.65 ± 2.25 mm.  

The overall differences between real and simulated acquired isocenter were 1.94 ± 2.80 

mm and for the registered isocenter it was 0.89 ± 0.81 mm. These values were 

calculated for each of the orthogonal directions and are listed in Table 5-1.  

More details of the analysis of each individual fiducial and the different isocenter 

coordinates on the simulated and the real images are reported in Appendix B. Table B-1 

provides the specific details and amount of each of the setup errors that were simulated. 

Table B-2 indicates the differences per each of the different fiducials in the analysis. 

Tables B-3 and B-4 list the actual isocenter coordinates for both the simulated and the 

real images.  

Portal Images 

Figures 5-6 and 5-7 illustrate the simulated (5-6) and actual (5-7) portal images 

for a phantom that is setup without errors for the beam with gantry angle 0 degrees. 

Figures 5-8 and 5-9 are the simulated and actual portal images for the beam with gantry 

angle of 45 degrees with the phantom offset in all three orthogonal directions. 

Coordinates of several points within both the simulated and the actual portal images 

were recorded using the Offline Review application. These coordinates are relative to 

the center of each film and therefore can be used to determine the offset between the 
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simulation and the actual images. For each image, between five and nine unique points 

either described by a metal fiducial on the phantom surface or anatomical landmarks 

within the phantom were used. A total of 15 different films with 5 different gantry angles 

were used to evaluate the code to simulate films. There was a total of 110 unique points 

that were compared between actual film and simulated film.  

The overall distance to agreement was calculated from the shift coordinates and 

the average and standard deviations for all points was 3.14  2.21 mm. (included in 

Table 5-1). One particular simulated film for the gantry angle of 140 indicated the 

highest offset between simulated and created (due to difficulty in visualizing some of the 

fiducials in the real portal image). By eliminating these data points the average and 

standard deviation between the sets of image was 2.94  2.05 mm. Unlike the kV 

images, each film represents different patient orientation so there was no attempt to 

divide the data by patient orientation  

CBCT Verification Images 

The CBCT data analysis within the Offline Review software was similar to the 

orthogonal image set in that the default review mode displays the CBCT dataset over 

top of the treatment planning CT representing the final position of the patient at the end 

of the registration process. An example of the CBCT image registration process is 

illustrated in Figure 5-10. For each CT, a set of eight different points made up of 

fiducials and anatomical landmarks were used. For one dataset the shift caused two of 

the fiducials to not be included in the actual CT scan so for that pair of images, only six 

points were evaluated. The coordinates were based on the coordinate system of the 

treatment planning CT dataset that had a pixel size of 0.85 mm and a slice thickness of 
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3.0 mm. The average and standard deviation of the difference in actual and simulated 

images was 0.46  1.06 mm Lateral; 0.25  1.27 mm A/P; -0.33  2.07 mm S/I. 

(Included in Table 5-1). The averages and standard deviations of the isocenter between 

the known shift and the actual reported shift are included in Appendix B  

Conclusions 

Both dosimetric and spatial errors can be simulated within the VROC system. 

Dosimetric errors typically occur at the time of treatment planning and will be available 

as treatment plan options for the trainee to review before the virtual patient starts 

treatment. For errors involving dosimetric variance at the time of treatment, the file 

representing the treatment can be modified to reflect different errors in dose or beam 

settings prior to importing into the VROC system. Spatial errors that occur at the 

treatment machine can be detected by the use of patient verification images. The virtual 

radiation machine is a collection of MATLAB™ code that was created to create these 

verification files and to simulate the changes in these images if a spatial error occurs. 

Validation was done to show that errors in the simulated images were the same as 

ground truth values of actual setup errors on a radiographic phantom. 

The results show that for all three treatment imaging modalities, the code in the 

VROC virtual treatment machine generated images that could be successfully uploaded 

into the VROC to represent daily treatments. Careful attention to the DICOM header 

within the VROC code allows the patient files to load and reference the correct set of 

images within the Offline Review software. These tests also indicate that the shifts of 

the images to represent patient setup errors could be made in the correct direction and 

made to represent the overall magnitude of a setup error.  
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Overall, the CT images showed better agreement in the location of the simulated 

error between simulated images and real images. In comparing the kV images and the 

portal images, the kV images have the advantage of being able to identify all three 

directions at one time. The agreement between the actual and the simulated films for all 

points was worse in the superior and inferior direction than in the other directions. The 

DRR that is used for the simulated film has a decreased resolution in this direction 

because the CT scan that was used to create the DRR was taken with a 3 mm slice 

thickness. When the DRR is created, the average pixel value between slices is used to 

create the image. It has been documented in different localization studies that the 

resolution in the Superior/Inferior direction is dependent upon the CT slice thickness. By 

using CT images with smaller slice width, this should improve. Localization studies 

using as small as 1.5 mm or less CT slice are often needed when treating very small 

areas such as brain treatments in order to improve the resolution in this plane (81). 

Also of note is that the fiducial average and standard deviations are greater than 

those for isocenter or those for CT (anatomical points). This is related to an issue of 

divergence of planar imaging. Divergence, or penumbra occurs because the radiation 

beam fans out as it exits the x-ray machine, passes through the patient, and interacts 

on the imaging panel (82). The overall result is a magnification that increases with 

increasing distance from the center of the image. This magnification issue also 

increases with increasing distance from the imaging panel. Many of the fiducials that 

were used to compare the real films to the simulated films were on the surface of the 

phantom and were farther from the image panel that the actual treatment volume. As 
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the fiducials are moved away from the center of the beam, the relative distance between 

them will become magnified. 

The simulated film shifts do not account for divergence. It is important to note 

that the reference image that is used to calculate the patient setup error also does not 

account for this change in distortion. Therefore, when overlaying the images, the 

simulated images show a better agreement to the reference images than do the real 

images. The divergence issue is not as much of a problem for objects that are farther 

from the x-ray source or for objects close to the center of the beam. This is why the 

coordinates for the isocenter locations show good agreement between actual and 

simulated films. 

This overall agreement between the simulated and the actual films for marks on 

the patient surface of about 3.0 mm may not be adequate for high-precisions treatment 

techniques, but are well within the normal margins for standard radiotherapy treatment. 

Studies have been done that indicate that the prostate can move anywhere between 5 

mm and up to 10 mm during the time the patient is on the treatment table (83-84). It is 

not uncommon to see changes in patient anatomy due to tumor response to radiation. 

In head and neck cancer, tumor changes of up to 10 mm have been documents (85). 

These two examples indicate that a deviation on the order of 10 mm may be within 

clinical margins for the target and would not be counted as an error. For this simulation 

testing, the errors that were chosen were based on reported setup errors where the 

alignment was to the wrong vertebral body or to patient external marks. In these cases 

the setup error was on the order of 35 mm. 
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The purpose of these studies was to validate the virtual treatment machine 

software of the VROC. Treatment records can be created and uploaded to the VROC 

on a daily basis. These records can indicate a change in dose per fraction or total dose.  

The different types of images and their corresponding registration file can all be created 

and successfully uploaded into the VROC. If any of the tags within the DICOM header 

are not correct the files will not load into the Offline Review software. Setup errors on 

the order of 35 mm were tested within all systems. The simulated films were within 4 

mm overall agreement of the actual films based on coordinates of fiducial points and 

within 2 mm overall for points in the center of the patient and near the isocenter. 
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Figure 5-1.  Phantom setup for virtual treatment machine verification  
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Figure 5-2.  Simulated orthogonal kV images without patient setup error. 

 

 
 
Figure 5-3.  Actual orthogonal kV images without patient setup error  
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Figure 5-4.  Simulated orthogonal kV images with a setup error. 

 

 
 
Figure 5-5.  Actual orthogonal kV images with a setup error  
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Figure 5-6.  Simulated portal film with gantry at 0 degrees without patient setup error.  

 

 
 
Figure 5-7.  Actual portal film with gantry at 0 degrees without patient setup error.  
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Figure 5-8.  Simulated portal film with gantry at 45 degrees with patient setup error. 

 

 
 
Figure 5-9.  Actual portal film with gantry at 45 degrees with patient setup error.  
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Figure 5-10.  Example of a simulated CBCT image registration.  
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Table 5-1.  Difference between actual and simulated images  

Difference (actual 
vs simulated) 

Overall avg. 
(mm) 

AP mm LAT mm S/I mm 

Portal images 
fiducials 

3.14  2.21    

kV fiducials 3.65  2.25 0.79  1.67 1.25  2.19 0.21  3.20 

kV alignment 
isocenter 

1.94  2.80 0.16  0.36 -0.09  0.75 0.12  0.31 

kV registered 
isocenter 

0.89  0.81 0.05  0.10 0.15  0.56 0.16  0.34 

CBCT fiducials 2.49  2.03 0.25  1.27 0.46  1.06 -0.33  2.07 

CBCT alignment 
isocenter 

0.78  0.15 -0.17  2.15 0.85  1.60 1.21  2.71 

CBCT registered 
isocenter 

0.78  0.15 -1.21  1.16 1.37  1.15 -1.21  1.66 
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CHAPTER 6 
RADIATION METRICS AND RADIATION ERRORS 

Another major development for the VROC system was opportunities to provide 

feedback to the trainee. A study was performed to simulate several different errors 

within the VROC and to calculate all of the proposed metrics. The goals were to test the 

algorithms for calculating metrics and to finalize recommendations for feedback for 

reporting errors within the VROC system. Several different metrics were discussed 

during the review of the radiation oncology workflow in Chapter 3. To try to determine 

which of the metrics to be used for feedback, they were compared to two different 

recommended severity scores for error reporting in order to make final 

recommendation. 

Methods 

The ideal set of metrics for the VROC would be easily calculated for any type of 

error and would scale appropriately to the severity of the error. Also, the metrics must 

be able to be used over a variety of types of errors, target sites, and prescription doses. 

Within radiation therapy, errors that occur for curative intent will in general have a 

greater overall risk for creating an adverse side effect than the same error that occurs 

on a patient treated to a low dose for pain palliation. For example a setup error of 35 

mm that occurs several times on a curative head and neck treatment with very narrow 

margins and a sharp dose gradient between high and low doses could potentially create 

a very high dose into a critical structure such as cord or brainstem, causing a 

permanent radiation injury. The same error on a uniform dose distribution for pain 

management of a cord compression may decrease the overall pain control, but is 

unlikely to result in an injury. 
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There are two different types of reports that are generated in the VROC system 

for feedback. The first report occurs after the initial contouring is completed and is 

feedback specific to contouring errors. A study was done to test the code that was 

developed for the contour comparisons. The contour comparison code compares two 

separate DICOM structure files, one for the expert and one for the trainee. The 

developed code was tested for accuracy against volumetric calculations taken directly 

from within the TPS. 

The second type of feedback is the planning metrics that can be generated either 

at the time of treatment plan approval, or at the completion of the patient treatment. 

Both treatment planning and treatment errors can be simulated within the TPS in order 

to generate a composite treatment plan. For example, if the error was a dosimetric error 

in which the prescription was entered incorrectly, the prescription of the treatment plan 

is simply changed to reflect this error. If the error is a treatment error in which the 

patient is setup incorrectly at the time of treatment the location of the treatment beams 

in the treatment planning system can be shifted to the “as treated” location while 

keeping all of the other beam settings exactly the same. The TPS can re-calculate the 

dose from this shifted dose distribution. A composite of different shifted dose 

distributions and/or planning errors can also be created by adding the plans together 

and scaling the dose distributions by the number of times the different errors occurred. 

A composite dose volume histogram (DVH) can be created from this composite plan. 

To investigate the details of how the metrics change specifically based on errors, 

a set of ten errors were simulated onto three head and neck cancer datasets. Within all 

three datasets the same normal tissues were contoured and the prescribed doses were 
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the same. This study was done in order to investigate the details of the normal tissue 

metrics to determine which, if any, best described the overall effect of the errors on the 

patient risk of injury. Head and neck treatments were chosen because they are 

frequency treated so there are a number of different cases, and because of the anatomy 

they remain one of the more complicated treatment sites in most radiation oncology 

clinics and more complex treatments have been associated with either a higher 

incidence or for more severe consequences from errors (53, 86-87). 

The three patients had been treated with IMRT treatment to the primary target 

and involved neck nodes to 70 Gy, while simultaneously treating the secondary 

lymphatic nodes to 63 Gy, and the contra-lateral lymphatic nodes to 57 Gy. For the low-

neck region, a single anterior field was used to treat lower neck to 50 Gy using a midline 

block, as needed, to spare the cord. The upper and lower fields were matched by using 

a single isocenter and asymmetric jaws.  

A total of ten different errors were simulated. Four of them were geometric setup 

errors occurring between 2-5 different treatments out of the 35 total treatments. Four of 

the errors were dosimetric and occurred primarily at the time of treatment planning. The 

final two were a combination of both dosimetric and spatial errors. The detailed 

descriptions of the ten different errors are included in Appendix D. 

A second study was conducted to evaluate changes in metrics with different 

anatomy and prescription doses over a range of different treatment types. Because the 

anatomy and the prescribed doses could change from one case to another, the 

recommended metrics should be applicable over all cases that would occur within the 

VROC. Ten unique datasets to different disease sites were selected and three different 
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errors were simulated onto each. The errors that were selected were based on the 

likelihood of occurrence, but were modified slightly to create metric sets that would 

include all levels of severity. For each patient, the metrics for the errors and the 

standard plans were calculated. The details of the specific errors and disease sites used 

for this study are included in Appendix E. 

Metric Calculations 

The metrics were calculated based on the DVH from the composite treatment 

plan. The details about the metrics can be found in Chapter 3 and details about the 

developed code are included in Chapter 4. A complete list of all of the metrics that were 

calculated is included in Table 6-1. The metrics were calculated for the error plans as 

well as for the standard or “as treated” plan. The difference and percentage change 

between the standard plan and the error plan for each metric was also calculated. 

All of the probabilities metrics (NTCP and TCP) that were calculated were 

combined using mathematical combinations in order to calculate both a probability of 

complication free survival, P+ which was calculated from the combined NTCPtot and the 

TCP. The combined NTPCtot represent the percentage likelihood of any complication 

from any structure. The model parameters that were used to calculate EUD, NTCP, and 

TCP are included in the Appendix C with other details about the metric calculations. 

Detrimental dose (DD) as described in Chapter 3 is a number that is related 

specifically to errors in radiation oncology. It is calculated by weighting the dose 

differences to different structures because of the error by the relative sensitivity of each 

structure. For the purposes of this study, the dose differences to each structure were 

taken from the change in the EUD for each structure. The weighting factors that were 
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used for each structure were taken from the publication and are reprinted in the 

Appendix C.  

Error Scoring  

One of the goals of the metric calculation analysis was to be able to correlate the 

metric scores to overall severity of the error. There is currently no consensus on 

severity scoring nor is there a national radiation error reporting system. Newly published 

recommendations for a standardized national error reporting system include two 

different error-scoring systems. These were described in Chapter 3 (Table 3-3 and 

Table 3-4) (77). One is based on dose severity determined by the percentage change in 

dose to any structure. The other is a consequence severity, based on expert opinion 

and on the grade of different side effects from the error. Ideally, a set of metrics that 

could automatically predict these scores would be useful for feedback from the VROC 

system. 

For the dose severity score, the percentage of EUD change between the error 

plan and the as treated plan was used. The recommendations for this dose severity 

scoring are based on the maximum percentage change in the dose to any structure. 

There are no specific recommendations in the report on how these should be 

normalized. For simplification and consistency, the percentage EUD changes were 

normalized to the prescribed dose. Both increases and decreases in target dose are 

considered and only increases in doses to normal tissues are considered. The 

maximum of all of these percentage changes in EUD was then used to determine the 

dosimetric severity score.  

For the consequence severity metric, all sixty of the dose errors (thirty head and 

neck errors and thirty variety of disease sites) that were calculated were evaluated by 
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experts in radiation oncology (two physicists and one physician) who gave a score using 

Table 3-4 along with clinical experience to predict the consequences. To score the 

severity of the errors, the experts had access to the different EUD values, change in 

coverage of the target structures, changes in both EUD and NTCP to normal tissues, 

and a complete description of the error. A cross section of the patient anatomy and 

treatment plan was also included to help to describe the region of the patient that was 

treated. In some cases the expert could make an estimate of the severity based 

completely on their knowledge of the anatomy involved and not based on the specific 

data presented.  

Results 

Contouring Metrics 

The contour metrics feedback calculations were compared to volume calculations 

from within Eclipse™ along with hand calculations for the similarity metrics. A test case 

with several different geometrical shaped structures (cube, sphere, single slice square) 

was created. The volumes of the structures calculated in Eclipse™ were compared to 

those calculated using the VROC contour comparison code. The agreement was within 

5% for all structures that were > 1cc. The small structure volume was calculated as 0.7 

cc in Eclipse™ and 0.9 cc in VROC. To test the Dice’s similarity calculation, the target 

structures were copied and changed to create overlap, under lap and mis-alignment of 

the object. Volume calculations within Eclipse™ were used to get information needed to 

perform hand-calculation of the Dice’s similarly metric. Three different scenarios were 

tested and the VROC Dice’s similarity metric was within 2% of hand calculation.  
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Error Scoring 

The primary goal of investigating the metrics was to determine if there would be a 

way to automate both the dose severity and consequence severity score by using the 

other metrics that were calculated. The dose metric from Table 3-3 (Ford et al. (77)) 

scales with dose, but is not linear. Since this is directly related to the change in dose to 

any structure the values from within the table were plotted to determine an equation to 

be used for automatically calculating the dose severity metric based on the percentage 

change in EUD. A logarithmic fit to the published table yielded Equation 6-1.  

                    [
     

   
]                                    (6-1) 

Equation 6-1 was included into the metric feedback calculations so that the dose metric 

could be obtained automatically once all of the % EUD calculations are made.  

Three different experts in radiation oncology evaluated the different error plans to 

determine the consequence severity score of the different plans. The average and 

standard deviations of all of the scores was calculated to be used to compare the 

various different other metrics. The averages and standard deviations of these scores 

are included in Appendix D (Head and Neck) and Appendix E (Variety Site Cases). 

Initial observations of both datasets indicate that within the errors that would fall 

between 2 and 7 there is a greater variability in expert score than for errors with “no 

effect = 0” and those that would definitely cause “serious harm or death = 10”. 

Over all sixty errors reported, the mean standard deviation was 1.38. Upon 

further investigation one problem with this scoring system is the non-linearity that is 

introduced because of the recommendation to score a “possible recurrence due to 
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under dose” (77) as an “8”. The values that were rated with an 8 were then taken out of 

the analysis and the average standard deviation in the scores improved to 1.16. 

The under-dose errors were evaluated separately. In total there were 35 different 

cases in which the target %EUD decreased with the simulated error. Of these, only 17 

were rated by any one of the three raters as an 8. Of the 17, about half showed 

complete agreement between the three evaluators. For those in complete agreement 

the minimum absolute % EUD change reported was 12.6%. For those in which there 

was not agreement the average under dose was 4.4%. Of those cases where the EUD 

decreased, but the error was not scored as an 8, the change in target EUD was <5%.  

Also associated with an under-dose is the percentage of the target that is 

covered by the prescription line. The average change in percentage coverage for all of 

the 17 under-dose cases was 53% (14% min). For those that were not in agreement the 

average was 38%. Of those cases where the EUD decreased, but the error was not 

scored as an 8 the average change in coverage was 4%. For automation of the 

consequence severity score, a cutoff rule was selected such that any target dose 

decrease of 5% along with a percentage coverage loss of 10% would be reported as an 

8 in the initial VROC feedback.  

The averages and maximum values of the consequence severity scores from the 

three raters were compared to the dose severity score calculated by Equation 6-1. This 

was to determine if the dose severity score could be used as an approximation to the 

consequence severity score. For all 60 cases, least square regression was used to 

compare each of the three rater’s scores, the average and the maximum scores to the 

dose severity metric. The best correlation between dose severity metric and any of the 
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consequence severity metrics was found for the average inter-rater score (R2 = 0.675) 

Analysis without the 17 under dose cases improved (R2 = 0.818) compared to an 

individual rater of R2 = 0.790. This indicates that the dose severity score can serve as a 

guide for the consequence severity score.  

Metric Analysis 

Head and neck data comparison 

The metrics from the head and neck cases were first investigated to determine 

how best to report the different metrics and to observe general trends in the data. A 

sample of the metrics for the standard plan (without errors) and two plans with errors 

are shown in Table 6-2 for illustration. The dose severity score and the consequence 

severity score that were given to these plans are included in this table for comparison. 

These samples were chosen because the errors had a severity scores > 0. A complete 

list of all of the metrics for all thirty of the head and neck cases is included with a 

discussion in Appendix D. The plan listed as Error 1 represents a spatial error in which 

the patient setup was approximately 3 cm different from the desired location for 2 of the 

35 treatments. Error 2 in Table 6-2 represents a spatial error in which the patient was 

aligned to some other external marks that were on the patient instead of the ideal 

location. For this example, the patient was set to the wrong isocenter for 5 of 35 

treatments.  

Two of the first observations that were made with the data were related to the 

mean target dose and to the TCP that were initially calculated. The mean target dose, 

for most purposes was redundant with the target EUD dose and therefore it was 

eliminated from reporting. It was, however, useful to check that the EUD calculations 

were being performed correctly for initial calculations. The second observation was 
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related to the tumor control probability (TCP). This value should be related to the 

likelihood of tumor control and should approach 100% for a better control rate. The 

initial calculations of these values yielded unexpectedly low numbers for the standard 

plan, even though they were clinically acceptable plan that would presumably have 

good tumor response. For the three clinical head and neck plans, initial TCP values 

were 65.2%, 58.7%, and 61.3%. Another issue with using this metric was that it 

increases (or improves) for all increases in dose, therefore, for any over-dose; the TCP 

will appear to improve. For these reasons, TCP was not recommended for final 

reporting. Because the TCP was not included the P+ values that were proposed 

(combined probability) were also not used for further analysis.  

For target volumes, the EUD to the target appears to be a good indicator of the 

overall dose to the target structure. This metric and the percentage of target volume 

covered by the prescription line are indicators of the target receiving adequate dose. For 

the examples in Table 6-2, Error 2 shows that only 68% of the target volume received 

the prescribed dose when this error occurred. This could be a useful in describing a lack 

of tumor control.  

To also check that the changes in EUD were not overly sensitive to specific 

patient anatomy, the same ten errors were duplicated on a total of three different head 

and neck patients. The average standard deviation for all target EUD difference was 1.3 

Gy out of the prescribed 70 Gy or < 2 %. The worst EUD correlation between the three 

patients was with one particular error where one field was treated for extra fractions. In 

this case (#9 in Appendix D Tables). The standard deviation between the 3 patients was 

10.1 Gy and indicates that for this particular type of error the difference in EUD could 
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vary greatly from one patient to the next. In general, the EUD differences were not 

sensitive to specific patient anatomy for the same type of target, for the same type of 

error.  

The conformity index (J) is related to the target volume and to the overall tissue 

volume receiving the prescribed dose. A low conformity could indicate either a miss of 

the target, an over-dose, or an under-dose. In the examples in Table 6-2, the change in 

the overall conformity was worse for the error that occurred for five treatments than for 

the one that only occurred twice. Initial observations indicate that the conformity index 

appears to change for all different types of errors, including dosimetric errors as well as 

spatial errors. 

In order to consider possible harm done to the patient due to the error, the NTCP 

and EUD for each of the normal structures were evaluated. Normal structures included 

in the head and neck cases included: brainstem, spinal cord, parotid glands, larynx, oral 

cavity, and eyes. Upon closer examination, the only normal structures for which the 

NTCP was greater than 1% for either the normal plan or the error plan were for the 

structures of ipsilateral parotid and spinal cord. All of the data for the head and neck 

study are included in Appendix D. General observations will be described here.  

Relative to the parotid gland doses, only one of the three patients had high 

values of NTCP. This patient had an NTCP value of 48.8% for the standard plan. The 

other two patient NTCP values were <5% and indicate that the NTCP values are 

sensitive to specific patient anatomy and treatment plan. Another observation was that 

the change in NTCP would be greater if the NTCP is already high. This is the case for 

the patient illustrated in Table 6-2. The NTCP is already very high indicating the patient 
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will likely suffer side effects to the parotid gland. Any changes to the plan due to errors 

will likely increase either the severity of those side effects or increase the likelihood of 

the side effects more so than for a patient that has an initial plan NTCP close to 0%. 

These observations indicate that side effects from errors cannot be generalized over 

different patients for the same tumor type and error.  

A similar observation was seen for the NTCP values for the spinal cord. These 

values were minimal for all situations except for one significant error in which the spinal 

cord would have received a potential dose increase above threshold of 45Gy. Again the 

initial observations indicated that for only one of the three patients did the NTCP change 

enough to indicate a significant risk of injury.  

Initial observations indicated that it may be useful to combine the NTCP values to 

eliminate reporting the structures that had NTCP values less than 1%. In order to create 

a simplified set of reported values, a combined NTCPtot could indicate whether the 

trainee should be concerned with looking into patient side effects. There is an added 

benefit in combining the NTCPs for comparing errors that occur on different patients 

with different normal structures from each other.  

Initial observations of the changes in EUD to normal tissues were done to help to 

determine the overall magnitude of the error. The dose severity metric is based on the 

maximum percentage of change of dose. For these purposes, the EUD dose was 

normalized to the prescribed dose. For example, the right eye dose for Error 1 (Table 6-

2) changed from 1.64 Gy to 2.37 Gy. This could either be calculated as an increase in 

45% relative to the standard plan or a change of 1% of the overall dose (0.7 Gy out of 

70 Gy prescribed dose). For comparing different plans and errors all EUD dose 
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differences were normalized to the prescribed dose to determine how significant of a 

dose change occurred.  

The final metric that was proposed from Chapter 3 was the Detrimental Dose 

(DD). The DD was calculated as a possible means of scoring or ranking the severity of 

an error and appears to scale according to the severity of the overall error. While the 

magnitude of the DD increases with an expected increase in severity of an error it is 

unclear how it relates to actual perceived severity or how it relates to physical dose. 

Multiple patient metric analyses 

Unlike the head and neck study, the patients in this study were each treated to 

different prescribed doses and included different normal structures. Because there are 

also different number and types of structures for all patients only the combined metrics 

and normalized metrics could be compared. This included the percentage EUD 

changes, change in Conformity (J), NTCPtot, and DD along with the severity scores 

given to each of the different treatment plans. A complete list of all of these values for 

the thirty different treatment plans is included in Appendix E.  

Combination of all error sets 

All of the data for both studies was combined to determine if any of the calculated 

metrics could be used to within the VROC in order to recommend a consequence 

severity score that would correlate to expert scores. As already indicated, the 

consequence severity metric associated with under dose (score of 8) can automatically 

be calculated based on a threshold of 5 % change in target EUD and change in dose 

overage of at least 10%.  

The remaining analysis was to determine which of the metrics would best 

approximate the consequence severity score. Because the VROC will include patients 
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with different anatomy and planned to different doses, the analysis focused on metrics 

that could be normalized and combined metrics that eliminate patient specific 

anatomical calculations. Linear regression analysis was performed on all data that could 

possibly be related to the severity. This included target EUD (Gy), % Change in target 

EUD, % target coverage, J, NTCPtot , and DD. In addition to each of these values, the 

differences between these values and the standard plan values were also evaluated.  

A total of 43 of the original 60 error plans were evaluated (the under-dose plans 

were not included). Based on linear regression between the average consequence 

severity score and each of the different reported metrics, the metric with the highest 

correlation to the average severity score was the change in J. with a correlation of 

R2=0.467. The datasets were sorted by the average severity metric to determine trends 

in the metrics. Table 6-3 is the average for each metric grouped by severity. Some of 

the severity scores were combined due to the relatively few errors with their values. By 

grouping the values based on natural cutoffs the change in the conformity fit the 

consequence severity score with a correlation of R2 of 0.92. The graph representing the 

change in conformity index with severity score is included in Figure 6-1.  

Conclusions 

In the training of radiation oncology residents there is very little opportunity for 

the resident to learn from their mistakes or those of others. One of the key requirements 

for the VROC was that it allows errors to occur in order to provide opportunities to 

investigate how errors affect patient treatment. Additionally, there are very few 

quantitative metrics that can be used to either score the severity of an error that occurs 

or to evaluate a trainee regarding their ability to manage a patient. By evaluating a set 
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of possible metrics that are associated with radiation therapy, we have identified a 

simplified set of metrics to use as feedback for the VROC system.  

Contour metrics can be easily calculated by comparing two separate structure 

set files. The Dice’s similarity metric and the calculated volumes and percentage values 

were tested for accuracy which indicates that the code was functional. Further testing 

could be done to test the overall usefulness in evaluating there metrics as they relate to 

errors. 

The remaining study focused on the metrics associated with the composite 

treatment plan. The metrics were compared to a scoring system that is being 

implemented for a national radiation error reporting system. The scoring system 

includes a dose severity score and a consequence severity scores. One result of the 

study using three evaluators to score different treatment errors indicated that the 

scoring system may be prone to inconsistencies in how different experts score different 

errors.  

As part of an additional study, it may be useful to better describe the values 

associated with the different scores in order to improve the consistency. Listing specific 

temporary and permanent side effects or describing specific interventions necessary to 

treat the radiation-induced side effects could help provide standardization. A possible 

study of interest to further investigate this scoring system would be to have more 

experts score the errors and in addition provide feedback about the specific toxicity that 

caused them to rate the error with a particular score. Based on this information, the 

scoring system could be changed to better describe the consequences of a radiation 

error.  
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With respect to the target volume metrics the following two conclusions were 

made. First, the calculation of the TCP is not useful in comparing errors since it appears 

to improve with errors. Another reason not to use TCP is that for relatively low doses 

such as palliative care, the TCP is not meaningful. Second, the changes in EUD with 

different errors on a common disease site indicated that the change in EUD with errors 

is not sensitive to patient specific anatomical changes and serves as a good indicator 

for the overall plan dose change. 

A non-linearity in the consequence severity score was noted for target volume 

under dose. For the VROC an under-dose in the target will be calculated by a decrease 

in the target EUD. A consequence severity score of “8” will be scored for an error if the 

target dose decreases by 5% and the target coverage changes by 10%. Overall, more 

testing must be done to determine specific cutoff values, but this would require 

additional validation of the expert scores. 

The remaining analysis was done to try to describe the relative risk to normal 

tissues as a result of the error. Historically, errors were reported primarily based only on 

the change in target volume. The state of Florida has changed the required reporting 

guidelines to include any error that “will result in unintended permanent functional 

damage to an individual’s organ or a physiological system, as determined by a 

physician” (from Florida Administrative Code 64E-5.101)(88). The physician needs tools 

to help them to determine if an unintended permanent functional damage would occur 

as a result of the error.  

The NTCPtot is theoretically useful to determine if there is an increased risk to the 

patient as a result of an error. Changes in NTPCtot  could indicate that the physician 
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should investigate further to determine which structure is most at risk. There were two 

specific issues with the correlation of NTCPtot to the consequence severity score. The 

first was an issue with the scoring system itself, which was already described. The 

second was that for some plans such as palliative cases, there were not enough 

structures contoured around the target volumes in order to represent the error. For 

consistency, all of the tissue surrounding a target volume, including unspecified soft 

tissue and bone would need to be consistently defined from one patient to the next so 

that all patients will have structures near the target volume from which to calculate 

NTCP. To better improve the correlation, this study should be repeated with all normal 

structures contoured on all datasets and all structures included in the NTCP 

calculations.  

A similar problem to that described for the NTCP calculation was observed for 

the detrimental dose. The DD could possibly be a good indicator for the overall severity 

of the error. Theoretically, the weighting of different structures by the sensitivity as well 

as the dose change would appear to correlate with the actual perceived severity of the 

error. The data analysis from this study did not indicate this correlation. This was most 

likely due to the variety of different normal tissues used in the calculation. In order for 

this metric to be correlated to a health physics concept the overall burden on the patient 

must be considered. All of the irradiated volume must be accounted for in one of the 

structures in order for the calculation to scale appropriately for a variety of cases.  

Lastly, the metric that was surprisingly well correlated to the consequence 

severity score was the conformity index (J). This is a calculation of how well the 

prescription volume matches the target volume. This metric is sensitive to both 
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dosimetric errors as well as spatial errors. Conformity also changes for both under-dose 

and over-dose situations. Additionally, the metric itself is normalized between 0 and 1 

making it easier to compare over all diseases and prescribed doses. The average 

change in J was correlated to the average consequence severity score in order to 

provide an equation that could be used within the VROC feedback code. By using this 

equation, a consequence severity metric can be calculated in the VROC. It is important 

to note that the error bars are very large on this metric, and the correlation was not 

strong, therefore this severity score is only a recommendation and is for educational 

purposes only.  

Examples of the recommended VROC feedback are shown in Chapter 7 which 

includes a complete example of an error and how the feedback metrics can be used for 

an error study. The output from the VROC feedback report include the prescribed dose, 

the change in EUD to the target volume, dose and consequence severity metrics, 

change in conformity, and change in NTCPtot. A second table report indicates all target 

and normal tissue EUD and NTCP values.  While the severity scores given in this report 

are “recommendations” generated by the VROC system, it will be part of the exercise 

for the trainee to determine their own recommended severity scores when completing 

the root cause analysis. 
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Table 6-1.  Data calculated  

All data collected for cases  

PTV values   

(1) Volume (cc)  

(2) EUD  

(3) TCP   

(4) Mean dose  

(5) Coverage by Rx line 

  

Normal structure (n)  

(6) EUD (n)  

(7) NTCP (n)  

(8) Normal CC > Rx 

   

Combined   

 J  (from line 1, 5, and 8) 

 DD (from line 2 & 6) 
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Table 6-2.  Example of calculated metrics for a single head and neck case  

Metric Baseline Error 1 Error 2 

Prescribed dose (Gy) 70 70 70 

# Fractions 35 35 35 

# Error fractions 0 2 5 

Dose severity metric  1 5 

Consequence severity metric  0 6 

EUD PTV1 75.75 75.17 71.10 

% Coverage by Rx 97.09 96.09 68.20 

CI (J) 0.74 0.75 0.61 

    

EUD brainstem (Gy) 22.24 22.16 22.33 

NTCP brainstem (%) 0.00 0.00 0.00 

EUD ipsilateral parotid (Gy) 46.31 47.07 47.91 

NTCP ipsilateral parotid (%) 52.72 59.13 65.74 

EUD contralateral parotid (Gy) 19.73 20.97 24.25 

NTCP contralateral parotid (%) 0.00 0.00 0.00 

EUD rt eye (Gy) 1.64 2.37 7.69 

NTCP rt eye (%) 0.00 0.00 0.00 

EUD lt eye (Gy) 1.12 1.53 5.35 

NTCP lt eye (%) 0.00 0.00 0.00 

EUD larynx (Gy) 20.61 21.67 23.78 

NTCP larynx (%)  0.00 0.00 0.00 

EUD oral cavity (Gy) 57.97 58.62 57.98 

NTCP oral cavity (%) 0.57 0.69 0.58 

EUD spinal cord (Gy) 34.66 34.57 34.80 

NTCP spinal cord (%) 0.06 0.06 0.07 

    

Combined risk (%) 53.02 59.43 65.96 

DD (Gy*) 0.00 27.22 113.80 
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Table 6-3.  Average consequence severity vs average combined metrics 

Average 
severity 

Avg. NTCPtot Dif Avg.CI Dif n (points) 

0 0.01 ±   0.02 -0.01 ± 0.03 10 

1 0.00 ±   3.04 -0.02 ± 3.04 9 

2 0.09 ±   3.66 -0.08 ± 3.66 7 

5 3.76 ±   3.61 -0.28 ± 0.20 5 

6 28.64 ± 29.75 -0.26 ± 0.22 7 

8 24.81 ± 37.78 -0.43 ± 0.29 5 

R2           0.71              0.92  
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Figure 6-1.  Absolute change in conformity vs average severity score 

 
 

y = 0.053x - 0.016 
R² = 0.973 

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0 1 2 3 4 5 6 7 8 9

A
b

so
lu

te
 C

h
an

ge
 in

 C
o

n
fo

rm
it

y 

Average Consequence Severity 



 

163 

CHAPTER 7 
ROOT CAUSE ANALYSES AND MEDICAL EDUCATION 

Background 

One of the benefits of using a virtual reality system for training is that errors and 

other complications can be introduced into a simulation that cannot be allowed to occur 

in the normal clinical process. In addition to providing opportunities to teach trainees 

how to identify errors, it also provides an opportunity to introduce discussion of cause 

and prevention. Root cause analysis is often used to understand the system features 

that permitted the error to occur. Error mitigation and investigation is required curriculum 

for medical residents and medical students, however, there are no details on how this 

curriculum should be incorporated into training, and there is no standard for testing on 

error reporting or on error mitigation  

“To Err is Human” (89) is one of the most cited references regarding medical 

errors. Two major recommendations from this book include the need for consistent 

definitions of medical errors and establishment of national reporting systems of medical 

errors. Currently, The Joint Commission (TJC) defines a drastic error as an “unexpected 

occurrence involving death or serious physical or psychological injury, or the risk 

thereof” as a sentinel event (90). These are required to be reported to TJC. The state of 

Florida uses the term medical event rather than sentinel event (88), but is a similar 

reporting requirement for serious injury or death. The recommendations are not as clear 

for those situations where side effects can be managed or for errors that were caught 

prior to harming the patient. The recommendation to record all errors, including “near-

misses” is based on error mitigation studies that indicate investigation of all errors 

provide information to better structure quality assurance programs. This is the reason 
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there has been increased interest in the radiation oncology community to create a 

national incident reporting system (56, 77, 91).  

The benefit of widespread use of an incident learning system is the opportunity to 

evaluate the quality program at one’s facility to ensure safety. One of the most widely 

used methods for investigating the cause and effect of specific errors is through the use 

of a Root Cause Analysis (RCA). An RCA is conducted for any of the errors that are 

reported to The Joint Commission or to the State of Florida. The goal of RCA is to 

evaluate the error without blame to determine methods to prevent the error in the future.  

There are several different tools available to help in conducting an RCA. For 

implementation into the VROC system, only the most common RCA methods were 

evaluated. Three common methods of conducting a root cause analysis are: 1.) Ask 

why 5 times 2.) Causal tree 3.) Decision table, (92). The entire process typically 

requires a designated committee to interview each individual involved to determine all 

factors of a particular event. The results of the RCA are to highlight the main reasons 

that the error occurred and to identify specific measureable improvements that can be 

implemented to resolve the issue.  

Limited studies are found that evaluate the utility of allowing residents to be 

involved in the RCA. A study by Voss et al. (93) piloted a new curriculum for medical 

residents that specifically addressed how to handle and respond to errors and address 

safety concerns. This curriculum involved several didactic lectures as well as a project 

where the residents were required to conduct a root cause analysis and develop a 

quality initiative project. They reported successfully implementing 15 out of 25 unique 

quality improvement measures into routine clinical use. These quality improvements 
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ranged from the addition of phone lines to improve communication between doctors and 

nurses in urgent care to the removal of possibly fatal gases from a gastronomy order 

form. Additional insight from this study was that the curriculum positively changed the 

resident’s opinions about how they “thought about or responded to adverse events after 

this exercise.” They noted “resident’s responses indicate that the seminars and hands-

on experiences were worthwhile to most of them and that training was successful in 

shifting resident’s thinking about patient safety to a systems-based approach.” and they 

“acknowledged that their role and responsibility extends beyond medical knowledge to 

include patient safety”.  

Other conclusions and observations by Voss that related to the resident’s 

positive review of their experience with the RCA exercise included: 

1. Having real experiences with an error helped the resident appreciate the importance 
of safety  

2. The resident needed to be able to see a measurable change (in quality and safety)  

3. Trying to implement too many projects meant that some couldn’t be implemented.  

4. It is important to involve all parties in the analysis of an error. Their ongoing 
recommendation also includes better assessment of learning objectives within the 
curriculum. 

Huffman-Dracht et al. conducted a survey of all residency programs in 

emergency medicine and several other areas of clinical specialties (94) The goal was to 

determine if emergency room residents are better trained on how to handle a medical 

error compared to residents in other departments. What this research found was that 

only about 31% of non-emergency room residencies reported knowing whether it was 

mandatory to report a medical error to the state and in what situations it was required to 

write a letter to the patient or to apologize to the patient. There were no formal 
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curriculum guidelines requiring a certain number of lectures on the topic of errors, 

however, most resident directors reported at least 3-4 lectures and the required 

presence of residents at morbidity and mortality conference to discuss deaths from 

errors within the hospital. While this is not related to radiation oncology, it would be 

reasonable to assume that radiation oncology residents are no more prepared in 

handling errors than residents in other areas of medicine with the exception that as part 

of their required radiation physics training they are review state licensing and 

regulations for radiation errors. 

In another study Dror et al. (95) evaluated a new approach to training on error 

mitigation. This study suggests that focusing on error recovery rather than error 

reduction helped to alert residents to errors that could occur. The summary indicates 

that the advantage to focusing on error recover was improved skills and knowledge 

necessary to detect and mitigate errors. This focus on error recovery at the point of an 

error also minimized consequences of errors. This means that stressing the correction 

of errors as soon as they occur can prevent a further escalation of the error. Also noted 

was the importance of quick feedback during initial training. One other note was that 

practice cases should focus on exaggerated errors in order to emphasize the error 

within the training scenario. Another technique that was described by Dror et al. was to 

start the trainee by detecting errors of others, to work up to more complex situations and 

also to situations in which there are many distractions.  

A similar study by Vincent et al. (96) evaluated training in safety in medicine and 

came to the conclusion that a better method of engaging teams in training about errors 

was to require teams to identify and diagnose errors. This study was conducted by 
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having students watch a procedure where a patient is given the wrong medication and 

to use this to discuss the process of identifying and detecting errors. The residents were 

then encouraged to find errors that other had make and to discuss these errors with the 

end goal of prevention. This exercise could be extended to radiation oncology residents 

by using the VROC simulation in order to illustrate a number of different errors to new 

residents. This might allow many more opportunities to see different cases while not 

being too demanding on the resident’s time (97). This may also be an opportunity for 

continuing education or for recertification where the root cause analysis and error 

mitigation could be conducted within the constraints of a training session.  

As has already been described, there are no specific errors training curriculum 

recommendations for radiation oncology. There are however, new specific error 

reporting guidelines that should be incorporated into the errors training already in 

practice. Published in Medical Physics in December of 2012 (77) are recommendations 

for data requirements for designing a reporting system. Included in the 

recommendations are the two different error-scoring systems used to evaluate the 

metrics in Chapter 6. Also included for replication and to provide consistency in error 

reporting is a hierarchical chart of root causes in radiation oncology. While Ford et al. do 

not make recommendations on how to arrive at these root causes, this common set of 

root causes can help to provide insight into quality assurance programs and also should 

be taught for consistency.  

Summarizing the cited studies above there are several key features that should 

be included in a new curriculum for medical residents in radiation oncology, specific for 

error mitigation training. These are summarized below. These guidelines provide 
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educational goals in developing a root cause analysis tool that will complement the 

VROC system.  

 Hands on training is best (93) 

 Use recommended RCA methods (92) 

 Allow residents control over measureable quality improvement methods (93) 

 Include didactic information on how and when to report errors (94) 

 Focus on error recovery (95) 

 Focus on error detection (in their own and other’s work) (97) 

 Apply Causation tables from ASTRO recommendations (77) 
 

Development of RCA Exercise 

A root cause analysis tool for residents using the VROC system will consist of 

two parts; a didactic curriculum and a clinical exercise in conducting an RCA. While 

some recommended reading and references are included within the Resident Manual 

for the VROC, the didactic curriculum for the radiation oncology resident is the 

responsibility of the resident director and in situations where RCA is already covered, it 

may not be necessary to have a complete course on RCA techniques. Some of the best 

tools that have been found for training are referenced below to provide enough 

background information for the resident to complete the exercise. The two articles 

included in the VROC Trainee manual are the radiation oncology reporting guidelines 

(77), and the description of the three most common RCA techniques (92).  

The best resources for one trying to investigate how to perform a root cause 

analysis are found through a couple of organizations that are available over the Internet. 

These are the National Patient Safety Foundation (NPSF) (98) and the National Center 

for Patient Safety (NCPS) (99). The NPSF was founded in 1997 and has as its primary 

goal to “Improve the safety of care provided to patients”. As such they offer curriculum 

in safety education, both through continuing medical education (CME) courses that can 
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be scheduled and taken online. They also offer a list of courses that one can attend. A 

recent board certification organization has been created in conjunction with NCPS. The 

Certification Board for Professionals in Patient Safety, has created a certification 

process to vest professionals interested in illustrating proficiency in the patient safety 

initiatives. This further helps to standardize training and the error review process. This 

board also provides information on error analysis and review and together with the 

NPSF help to promote good practices in patient safety. 

The other organization that has a strong web presence and a lot of helpful tools 

for patient safety review is the National Center for Patient Safety (NCPS). This patient 

safety organization is part of the Veteran’s association and was founded in 1999 to 

assist in error reduction within the VA organizations. The website 

www.patientsafety.va.gov (99) has several tools to assist in the RCA analysis process 

including a flip chart that can be used to specifically guide the investigator through a 

root cause analysis. This flip chart can be ordered through the website listed above.  

One important aspect of the RCA is to require the trainee to review current state 

and federal reporting requirements. Within the state of Florida the recommendations for 

all medical aspects of radiation and the required reporting for adverse effects can be 

found in the Florida Statute 64E-5.101 (88). Copies of the specific sections related to 

linear accelerator based therapeutic radiation uses are included in the VROC Resident 

Manual for reference. 

The second aspect of the root cause analysis curriculum for the VROC includes 

a tool to provide hands-on training in the RCA process along with each virtual patient 

that encounters an error. The developed RCA tool is a combination of two different RCA 

http://www.patientsafety.va.gov/
https://www.flrules.org/gateway/ChapterHome.asp?Chapter=64E-5
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techniques. Unlike a real RCA situation, within the simulation of the VROC, the trainee 

works independently and does not have a team to assist in the error investigation. This 

limits the use of some of the more arduous RCA processes involving complicated flow 

charts and diagrams that are cumbersome and time-consuming and may be more 

confusing than helpful within the VROC setting. For these reasons, the VROC Root 

Cause analysis tool includes the “5 Whys” RCA technique, along with the published 

causation table from the ASTRO/AAPM error reporting recommendations (77)  

The “5 Why’s“ technique for error analysis has its origin in the Toyota Automotive 

Company (100) where it was used to perform error analyzing to improve manufacturing. 

The main reason this technique was chosen for the VROC Root cause analysis tool is 

that it is simple to describe and can be easily implemented. Another advantage is that it 

does not require additional resources. Also, this technique can be conducted in the 

absence of a management team and the resident can be prompted through the steps 

with a simple set of questions. 

To use this technique, the person performing the error analysis begins by asking 

the question “why did this error occur?” The error in this situation is the effect and the 

most direct cause is the answer to this first question. The question of “why did that 

occur” is now directed at the answer to the first question. This is repeated five different 

times to hopefully identify the root cause by investigating the cause and effect 

relationship along the process. If the final outcome is not an actual root cause the 

process can be repeated. Issues with using this particular technique are that it 

sometimes does not lead to the actual root cause, or it may identify an aspect of the 

situation that does not follow cause and effect relationships.  
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To assist in determining if the trainee has identified a root cause, a published 

causation table is also used in the VROC RCA tool (77). The causation table is another 

technique for conducting an RCA. It is typically up to each individual institution to 

determine their own set of cause and effects tables based on their specific workflow. 

This can take many hours to complete for the complicated radiation oncology workflow. 

While this may be a useful exercise for developing a quality assurance program, it is too 

time-consuming for implementation within the VROC. The newly published common 

cause of radiation oncology errors groups these common causes by six categories: 

organizational, technical, human behavior, patient related, external, or procedural. By 

implementing a rule based set of tables, it is relatively easy to guide the trainee through 

the causation table to identify a specific cause that could have led to an error within the 

VROC virtual patient treatment.  

One of the most important exercises from the RCA is to propose a quality 

improvement plan. Once completing a residency program, most certifying agents such 

as The American Board of Radiology (ABR) (101) require the board certified physician 

to maintain certification through continuing education and required documentation of 

participation in process specific requirements related to quality improvement.  Most 

certified physicians participating in MOC (Maintenance of Certification) will need to 

develop a quality initiative and carry it out either by enrolling in national protocols or by 

conducting a chart review to establish metrics of quality and proposing improvement. 

The ABR lists several references for the user to read more about quality metrics and 

how to develop a storyboard for a patient quality improvement project (PQI). The 

general principals of the storyboard process and also of developing patient quality 
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programs are used in proposing a solution to the error that occurred within the VROC 

system. 

One commonly accepted method for quality improvement is the plan-do-study-

act cycle. Resources on how to perform these quality improvement procedures can be 

found through the Agency for Healthcare Research and Quality (AHRQ) (102). The 

steps in the process involve planning the improvement strategy, developing the 

strategy, monitoring the strategy, and reassessing the strategy. For this exercise, there 

will not be time to conduct the monitoring and reassessment, but the trainee should take 

the time to plan a strategy including the specific quality assurance plan to be 

implemented and the required personnel in order to implement the particular quality 

improvement. For development, the trainee will be required to list specific objectives for 

their initiative, how they will implement the initiative and what measures will be 

evaluated to determine if the strategy is working. Along with this quality metric the 

resident should think through barriers to implementation, budgetary constraints, and 

give a reasonable time frame for implementation as well as evaluation of the strategy. 

Within the VROC system, once an error occurs that goes undetected for more 

than two treatments, the simulation will be stopped. For all errors, the metrics and 

feedback data that were described in Chapter 6 will be presented to the trainee by 

means of a summary report. The report will include the dose severity score and a 

recommended consequence severity score. For any errors with severity score of 1 or 

higher, the RCA form must be completed. A critical aspect of the exercise is to force the 

trainee to evaluate cause and effects of errors within a radiation oncology department. 

To begin the RCA process, the trainee can access the VROC RCA Form through an 

http://ufdc.ufl.edu/IR00003658/00001
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icon on the desktop of each of the VROC workstations. This form is also available 

through the UF Digital Archive (Object 4-6). A printout of the RCA form is also included 

in Appendix G.  

In addition to the error scores and metrics, in some instances errors occurs at the 

treatment machine when the physician is not present. In this situation, it is important to 

get information from those involved in the error to determine how and why the error 

occurred. When an RCA is conducted in a real clinical situation, those involved in the 

error are interviewed to determine what occurred. In order to simulate a similar 

experience, the current VROC system will include written statements from the therapists 

to describe what happened when the error occurred. These written statements are 

either fictional accounts of a particular scenario written by experienced radiation 

oncology team members or are accounts taken from actual reported errors.  

Future versions of this RCA tool may include the use of videotaped reports of the 

therapists or even interactive virtual reality interviews with scripted avatars. Another 

option is the use of actors playing the role of the therapists to conduct a root cause 

analysis to provide realism in this interview process. The priority of this work is to help to 

focus the resident’s attention to possible root causes as described by the committee 

who have made reporting guidelines and to focus their attention on quality improvement 

measures; therefore the logistics of the interview and investigation are left for further 

development in the future. 

Example RCA 

The best way to illustrate the RCA exercise is to walk through a particular error 

situation using the RCA form. The example below is taken from one of the head and 

neck patient errors that was simulated for the metric calculation of Chapter 6. Below is a 
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description of the error that occurred within the VROC including fictional reports from 

two fictional therapists who describing the error. 

The simulated error occurred on a patient who was receiving radiotherapy for 

oropharyngeal cancer with IMRT treatment with daily IGRT. The patient was aligned 

using a cone-beam CT for daily imaging. The auto-alignment feature of the software 

caused the image registration to be performed to the wrong vertebral body in the neck. 

This was not caught while the patient was on the table. The doctor did not review the 

images. The same thing happened two days in a row.  

Sample Therapists Reports  

Two different therapists were interviewed in the process of trying to determine what 

went on for this particular error: Below are two fictional accounts the two therapists who 

were involved in this error.  

Therapists 1 I was running the console and my partner was setting up the patient. Both 
of us went into the room, asked the patient their name, and checked that 
His chart was pulled up on Aria. We both put the patient in the mask, but I 
realized I had not programmed up the machine for the CBCT. I went out of 
the room to select the CBCT and waited for my partner to come out of the 
room. After she came out of the room I started the CBCT. Once the CBCT 
was ready to review I selected a region of interest and clicked on the auto 
button. The shifts seemed ok (~2cm) so I applied the shifts, called for 
Time-Out to verify the patient and started treatment. As far as I remember 
the same thing happened the next day. There wasn’t anything unusual 
about the setup or about the alignment and I didn't notice anything out of 
the ordinary with the shifts. After the second treatment the doctor called 
saying that the images were bad and rejected the images. The doctor also 
paged the physicist. He asked us to write down what was done on these 
two days of treatment and informed us that the patient was treated off by 
about 2-3 cm both days. 

Therapist 2 I went into the room to set up Mr. XX I waited for my partner to mode up 
the machine. Then checked the final position matched what we had 
marked from the first day of treatment. I came out of the room and my 
partner started the CBCT. Another patient interrupted me to discuss their 
schedule so I did not check the image fusion. After my partner applied the 
shifts she called a “time-out” and I looked at the chart and the console to 
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double check that this was the right patient. The next day she was again 
running the console and I set up the patient. We both went into the room 
to put the mask on and verify the patient. After coming out of the room, a 
nurse had a question about another patient who was supposed to come to 
see the doctor after treatment. Again, at the Time-Out I stopped to verify 
that we had the correct patient on the table and we started the treatment. I 
didn’t look at the registration. Neither of us noticed that the doctor hadn’t 
reviewed the images before treating the next day. Also, I was busy both 
days and couldn’t check the alignment. My partner said that she reviewed 
the image registration and it looked good. When the doctor called to tell us 
he was rejecting the films we looked and saw what he was talking about.  

Scoring the Error 

To complete the VROC RCA Exercise the trainee will refer to the feedback 

reports they will receive from the VROC system. The two different feedback reports for 

this example are shown in Table 7-1 and Table 7-2. The RCA form requires the trainee 

record the percentage change in dose to the target volume and to the two normal 

structures with the greatest dose change. These values are taken directly from Table 7-

1 and Table 7-2. The trainee is also asked to determine if the error is a recordable event 

or a medical event as determined by Florida state statutes 64E-5.101. The trainee is 

then asked to evaluate the consequence severity score. A copy of the recommended 

reporting guidelines is included in the RCA form, and recommended values for this 

specific case based on the metric calculations are included in Table 7-1. It is up to the 

trainee to verify that these are appropriate values. For this example the dose severity 

score is 1 and the consequence severity score is 1.  

Review of the Error and 5 Why’s RCA 

The next steps in the RCA process are to have the trainee describe the error. 

This includes describing why they think the error occurred and how the error was 

detected. It may be necessary for the trainee to locate and review any hospital or clinic 

guidelines that they may not be familiar with. Many times the root cause may involve 
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someone not following the policies and procedures, or may involve outdated or 

inaccessible guidelines. Other common root causes are inadequate training or 

documentation about how equipment works. The trainee will need to investigate these 

prior to completing the root cause analysis.  

For the specific error in this example, some possible guidelines that may need to 

be reviewed include:  

 Time-out policy prior to imaging or treatment  

 Timeliness of Image review and approval  

 Online image review policies (at the treatment machine) 

 Daily use of the image registration software (is “auto-register” ok?) 

 Policies on distractions in the console area 

 Procedures for IGRT – when re-imaging is required 
 

Once the resident has had a chance to review the policies, procedures, or 

guidelines that are in question, they can begin the root cause analysis. The next lines 

on the RCA form are related to the “5 Whys” technique. The RCA form has room for the 

trainee to repeat this process twice, but if they are not satisfied with the direction they 

end up going, they are welcome to continue repeating it until they identify a root cause 

that can be found in the causation table. The example below illustrates how this would 

be done for the geometric error in this example 

Error: Patient was treated 3 cm off from intended location for 2 treatments. 

5 Why’s Illustrated:  

Why #1: Why was the patient treated 3 cm off from intended?  

Cause: Because the patient was shifted 1 vertebral body off from intended 

Why #2: Why was the patient shifted 1 vertebral body off? 

Cause: Because registration was to wrong vertebral body. 

Why #3: Why was registration to wrong vertebral body? 
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Cause: Use of Auto alignment without evaluation?  

Why #4: Why was auto used without evaluation? 

Cause: Didn’t follow proper time-out and image review procedures 

 Why #5:  Why were procedures not followed? 

Cause: Therapist was unfamiliar with the procedure  

In this particular example the root cause indicates that the problem was related to 

the procedures for image guidance. The reason the procedure was not followed could 

be because the therapist was unfamiliar with the procedure or because the procedure 

was never implemented, or could even be related to a willful decision to not follow the 

procedure. Even though there may be multiple procedure issues, the one that 

specifically lead to the event in question was that the images were not reviewed prior to 

initiating the patient daily treatment. There may be multiple methods for making sure 

images are reviewed, either through the “time-out” process or by making sure the 

physician has reviewed images prior to treatment. Any of these could have prevented 

this particular issue, as could a required re-imaging process after a shift of more than a 

few mm. While the trainee may come up with many different problems or causes, for 

this exercise they only will need to identify only one.  

Causation Table 

Once the trainee has completed the 5 why’s questions, he or she must select 

from the published table of radiotherapy causes the corresponding root cause. Most of 

the errors will fall within the categories of operational, technical, or human factors. The 

operational includes anything regarding procedures, routine training, and also staffing 

policies. The technical area includes any equipment failure and issues related to 

machine service or maintenance. Human issues for this purpose relate to human 
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resource issues such as staffing needs or budgetary concerns. For the specific 

example, the trainee should select the “Operational Management” (which includes all 

policies & procedural issues). The dropdown list for operational management includes 

“Policies, procedures and regulations” tab. After selecting this, the trainee can identify 

the specific issue with the policies that relates to the root cause, in this case “Policy not 

followed”. The entire table for this causation form is taken directly from Ford et al. (77). 

Propose a Quality Improvement 

The trainee can now propose patient quality indicators that are specific to the 

error in question. The proposal requires a list of committee members, an 

implementation timeline, measurable endpoints, and roadblocks to implementation. 

Specific for this example the quality metric that may need to be implemented may 

include a review of all of the policies and procedures to make sure they are up to date 

and a process for making sure all team members are familiar with all policies. Details 

should include a timeline to complete the review of the policies (such as 6-8 weeks), 

and the list of committee members including team members from physics, therapists, 

and nursing. The measureable endpoint would be the new, updated policies and 

procedures, along with a proposed method to document that everyone in the 

department is familiar with the procedures. The plan may also need to include a way to 

encourage new employees to review the policies and to check that everyone in the 

department continues following them. Possibly a database, or required annual sign-off 

could provide documentation that all are familiar with the procedures.  

Summary 

The root cause analysis tool as part of the VROC radiation oncology training 

system provides an opportunity to describe an error that has occurred to a virtual patient 
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under the care of the trainee. This is an excellent opportunity to go through a mock root 

cause analysis to re-evaluate policies and procedures and areas quality assurance 

systems need to be implemented to prevent errors. As part of the process the user is 

asked to review Florida state reporting guidelines to determine if the error must be 

reported. Several specific questions about why the error occurred are used to guide the 

user to the root cause and a set of causation tables based on recommended reporting 

guidelines were included to help the resident choose a common root cause within 

radiation oncology. One important aspect of the training exercise is to provide a few 

leading questions to help the trainee thing about quality improvement projects, timing, 

and implementation strategies. All of these questions and answers can be emailed to 

the faculty physician to facility some points for the final debriefing time between the 

resident and the instructor.  
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Table 7-1.  VROC sample treatment report 

Metric Value 

RX Dose (Gy) 70 

Error: dose metric 1 

Error: consequence metric 1 

% Change EUD target  -0.82 

% Change OAR max   1.78 

Structure for max OAR Ipsilateral parotid 

NTCPtot change   6.42 

Conformity change (J)   0.02 

Detrimental Dose 27.22 

 
 

Table 7-2.  Expanded VROC treatment report  

 Expert Delivered Expert Delivered 

 EUD (GY) EUD (GY) % COV % COV 

PTV1 75.75 75.17 97.09 96.09 

PTV2 49.63 53.29 94.53 93.92 

   NTCP NTCP 

Brainstem 46.31 47.07 0.00 0.00 

Right parotid 46.31 47.07 52.73 59.13 

Left parotid 19.73 20.97 0.00 0.00 

Right eye 1.64 2.37 0.00 0.00 

Left eye 1.12 1.53 0.00 0.00 

Larynx 20.61 21.67 0.00 0.00 

Oral cavity 57.97 58.62 0.58 0.69 

Cord 34.66 34.57 0.06 0.06 
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CHAPTER 8 
ACCEPTANCE TEST AND INITIAL USE OF VROC 

Background 

In software design as well as in simulation there are various methods of both 

verification and validation. Verification is the process where the tool that is created is 

tested to determine if it performs as it was described. It is essentially debugging and 

testing that code is functioning. The validation process is done to prove that the 

application performs a specific test or that it tests a specific construct.  

There are seven different types of validation that can be utilized for various 

learning tools. These are face validity, content validity, criterion (or concrete) validity, 

construct validity, convergent validity, and discriminate validity (103). Face validity 

should be performed for any simulation because it answers the basic question “Does 

the system appear to adequately model the real world?” This can be tested by 

surveying a group of experts in a subspecialty who have opportunity to spend some 

time with the system to determine if they feel the system matches the real world. This 

type of validity does not test that the system actually measures one’s performance, only 

that the model is similar enough to real world to possibly measure one’s performance.  

Content validity is concerned with evaluating the overall data and simulations 

within a system. Typical content validations will survey a group of experts in a 

subspecialty to see if they evaluate the system as adequately representing the range of 

experience that is expected within a simulation (104-106). There are two reported 

metrics that are used in calculating content validity from evaluations by a set of experts 

These two metrics, Content Validity Ratio (CVR) and Cohen’s Kappa () can be easily 

calculated from a multi-level (or Likert scale) score where the users are expected to rate 
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various items within the virtual system based on how essential an item is towards the 

system matching the real world or meeting the educational goals (107-108). Content 

Validity Ratio (or Content Validity Index -CVI) is calculated from simply taking the ratio 

of those raters who evaluated an item as essential (ne) relative to all other raters (N) 

and is calculated as: 

    (   
 
 ⁄ ) (

 
 ⁄ )⁄                                               (8-1) 

It has been noted that this simple calculation does not discriminate between the 

possibilities of a chance agreement among raters and therefore the Cohen’s Kappa is 

also suggested as a means of calculating inter-rater agreement because it the 

probability of agreement due to change (Pr(e)) is subtracted from the observed 

agreement (Pr(a)) (108). 

  
((  ( )     ( ))

(    ( ))⁄                                        (8-2) 

The values of both the CVR and the  are between -1 and +1 where the higher 

positive score is correlated to higher level of agreement. By using a 1-tailed t test, with 

0.05 for significance, a minimum CVR value is calculated for different numbers of users. 

For example for N=5, CRV must be at least 0.99, and for N=10 CRV must be at least 

0.69 in order to prove content validity. For the Kappa value, any positive value indicates 

that the agreement is better than that of chance alone.  

Content validity can be handled by adequately designing the system after having 

searched the literature to determine appropriate cases. For this project content validity 

can be established by design since the system was built on commercially available 
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software. The cases for virtual patients are taken from actual patients that have 

received treatments and the errors are taken from reported errors in the literature. 

Construct validity would further test that the VROC metrics can be correlated to 

learning and that the overall system can be used to teach novice users about the effect 

errors have on the overall patient treatment. A future study would involve multiple users 

treating several patients within the VROC system. Based on level of experience, 

assuming the same cases are used, the overall severity scores from the more 

experienced users should be near to zero and the number of errors detected should be 

higher.  

The endpoint that is most often studied for differences between two different 

groups using simulation training is the time that it takes to perform specific tasks, or how 

quickly the task is completed without an error (105, 109). The particular endpoint of time 

to complete any specific procedure in radiation oncology may not be a good indicator for 

differences between novices and experts. As was indicated on Figure 1-1, the radiation 

oncology process takes several weeks to complete, and some tasks may routinely take 

days to complete. While the doctor may have a few days to complete a specific task 

they are typically interrupted several times and are working on multiple patients’ plans at 

one time. What may be a better indicator of differences between an experienced 

physician and a novice in radiation oncology is the number of patients that they can 

successfully manage. For the initial VROC implementation for training, one proposed 

endpoint would be the number of patients that they can manage without missing errors 

in the plans or treatments. 
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The convergent and discriminate validity have to do more with the overall theory 

behind the test that is used to measure the validity. Convergent and discriminate validity 

are used to compare the simulation with reality or a gold standard to determine if the 

simulation is in fact correlated to what it should be correlated with and that it is not 

correlated with those ideas that it should not be correlated with. These ideas are 

typically more useful in the physical sciences where a study can have a theoretical 

probability of occurring and the validation of the experiment to the theoretical can be 

tested. 

Methods 

Once the VROC was developed along with user manuals and feedback tools, the 

system had to be validated. The initial use of the system included an acceptance test to 

check functionality of the VROC system. The goal of the acceptance test was to 

demonstrate that all aspects of the VROC system function as intended. The acceptance 

test document was created from the development table for the VROC system. In some 

cases certain aspects of the system do not work as initially planned. These were noted 

so changes could be made for future revisions of the system. For the purposes of the 

acceptance test, a single user familiar with radiation oncology but unfamiliar with the 

VROC completed all of the steps of the RO process through the VROC system. 

A set of initial virtual patients was created to provide examples to the instructor 

and to the trainee. A virtual patient request form (described in Chapter 4) was 

completed for each of these patients. This form, in addition to providing opportunity to 

the instructor to write learning objectives, is used to populate the Virtual Patient 

database. The entire list of initial virtual patients is included in Appendix F. Each patient 
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case has two different scenarios that can be selected for training, one with a dosimetric 

error and one with a spatial error. The instructor could choose to use both errors. 

Additional errors can be created for any of these datasets by completing the virtual 

patient request form with the additional information. In that case, each specific scenario 

should be described to ensure that the simulation is modeled correctly and meets 

specific learning objectives. 

After the acceptance test was completed, a validation test was performed to 

evaluate the overall realism of the VROC. Five different users were asked to evaluate 

the VROC by reviewing two different virtual patients through the entire RO process. 

Each of the different primary functions of the simulated RO workflow was evaluated 

relative to realism and to the utility of the feedback given. A workflow diagram specific to 

the trainee within the VROC system was used to help navigate those completing the 

validation test through the VROC system. Figure 8-1 is the diagram indicating how a 

trainee would manage a virtual patient through the VROC.  

The five users were medical physicists with a variety of experience in radiation 

oncology. After viewing the two cases within the VROC system they were asked to fill in 

a survey of overall impressions of the VROC. They were also asked to make comments 

about the system including recommendations for improvements. 

Results 

Table 8-1 is the completed acceptance test procedure (ATP). The items are 

marked as either pass or fail as indicated in the table. The items that were marked as 

FAIL include populating the physician schedule once a patient is assigned, and a 

detailed log file to record time spent using the VROC. The current VROC system uses 
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commercially available software that can track users log in times. Reports for evaluating 

log-in time are standard and can be run, but for the initial testing and development this 

was not included as a priority and was left for future work.  Also, the scheduling of items 

to show up on the physician schedule can normally be done within the commercial 

product, and therefore testing of this application was not completed. This was 

intentionally left for future testing when multiple patients would be scheduled for multiple 

users.  

For validation the five users were asked to rate each of the VROC items based 

on realism. A summary of the rankings of the different users is included in Table 8-2. 

The item that had the highest marks for realism was the contouring exercises. The 

realism is obtained because of the use of commercially available contouring tools. The 

item with the least realism was the consultation. Comments indicate that this was not 

realistic because it only included documents to review. This was a known issue within 

the VROC because it was designed specifically for the treatment planning and 

treatment review portions of the clinical process. Future development could focus on the 

consultation portion of the RO process, but this would require development of face-to-

face virtual reality simulation.  

The users also rated the usefulness of different feedback. Feedback of the 

VROC can be given after contouring, at the time of treatment plan approval, and at the 

conclusion of the simulation. The feedback that received the highest marks for utility 

was the report after initial contour comparison. The metric feedback at the time of the 

treatment plan approval was felt to be the least useful compared to that given at the end 

of treatment.  
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Based on the validity statistic of the CVR with only five evaluators all five would 

have to agree in order to prove validity. With so few raters, none of the items were in 

complete agreement. An additional study with more users would provide additional 

validity of the overall content of the system. It would also be required to have a variety 

of raters including multiple physicians as well as different users with all levels of 

experience.  

This initial validation study was also done to gain insight for future developments. 

Comment sections on the survey included opportunities to report on the specific aspects 

of the VROC that were “liked best” or “liked least” and to list specific recommendations 

for improvements.  

Summaries of the comments are listed below (similar comments were omitted).  

Liked Best 

Integration within a clinical treatment planning and R&V system 

The realistic nature of the errors used in the training (actual errors that are 
experienced in the clinic)  

RCA tool 

The end of simulation of an error.  

It provides practice for aspects in radiation therapy for which there is 
currently little or no means of simulating and evaluating one's performance 
such as contouring and image review. T 

The feedback given is useful to see where you did well and where you still 
need more improvement. 
 

Liked Least 

Consultation phase is least realistic, because all other phases or RT 
process are actually performed in a virtual setting already and VROC is a 
very realistic substitute. 
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I did not feel the image analysis was a strong as the other components. 
The tools are there for image review, but the simulated portal images were 
not as realistic feeling (as say, the contour comparison component) within 
the VROC. 

I don't think that their need to be a director for VROC to help "oversee" the 
simulation from A to Z or initiate the steps and forms for the trainee/user. I 
believe the "overhead" that comes with that may hamper the use of VROC 
or limit the number of participants for this potentially very useful and much 
needed tool. 

 
Other Recommendations 

 
The addition of other imaging modalities for image review would be 
interesting (CBCT, kV/kV). 

It will be useful to simulate within VROC an actual documented error or 
use VROC to document actual errors in the clinic - VROC can potentially 
be used as an error database for any radiation oncology department that 
new residents are required to explore as part of their training curriculum 
and study the clinical significance of these errors. VROC can also contain 
all the documents generated for that actual error including state 
correspondence (if state was involved), follow up actions, etc. 

I think it would be helpful if the image review feedback included the 
difference between the correct shifts and the shifts the participant 
made/accepted so they can go back and look at images they did not align 
properly or approved when they shouldn't have. Also, I think the VROC 
would be helpful for others such as physics residents but more features 
would be helpful for them such as comparisons of normal structure 
contours. 

 
Summary 

Initial testing and validation of the VROC system was conducted by completing 

an acceptance test to show that different features of the VROC worked as intended. 

The acceptance test was based on the development chart that was used to develop the 

VROC. Currently there is not a log file that records the time the trainee spends 

performing different tasks. This is a simple matter of adding different users to the 
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system and running a set of reports in the administration portion of the software and 

was left for future studies. Because different tasks within the RO process often take 

several days to complete the overall time spend using the VROC system may not be 

useful indicator of training. 

There were no added tools developed to manage the trainee’s schedule with the 

VROC. This is an area that will need to be developed in order to study the response of 

Trainees when managing multiple patients. Because the system includes a full patient 

management and task scheduling system there is no reason to believe that this will not 

work, but the details of how to populate the schedules has to be worked out and was 

not part of the initial development or validation. 

One other area of the acceptance test and validation that failed to perform as 

initially designed was the overall automation of different aspects of the system. All 

components are functional in the current VROC, however, the feedback reports, metric 

calculations, and daily treatment simulations will need to be automated for future 

development in order to scale the VROC system for simultaneous patient simulation. 

Based on the five users that initially evaluated the VROC, the most realistic 

aspect of the VROC is the contouring and pre-planning step, and the least realistic 

aspect was the consultation. This does not present a problem because this version of 

the VROC was not intended to fully simulate the consultation. Comments from the initial 

evaluation of the VROC indicate that one aspect of the VROC that was perceived as 

being useful or that was liked the best was the RCA exercise. This is encouraging for 

future work and could possibly be presented as a stand-alone exercise.  
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Table 8-1.  VROC acceptance test 
Label From 

Fig. 3-2 
Test 

Pass/ 
Fail 

Comments 

A/B 

Instructor can selects a clinical patient and 
sends to the virtual clinic the following items: 
Treatment plan, Documents, DRR’s, RT 
Images to VROC 

P  

A/B Virtual patient is available in VROC P  

A/B 
Instructor can search through the database and 

see what data is available. 
P  

A/B 
Instructor can review the types of errors 

available for a the virtual patient 
P  

A/B 
Instructor searches through system and selects 

a virtual patient and assigns patient to 
resident 

P  

1 
Patient is available on the trainee schedule in 

Time Planner 
F 

schedules not 
developed 

1 Log file is started F 
log file scripts not 

written yet 

1 
Consultation report is available in Patient 

Manager 
P  

1 Consult report can be marked as “reviewed” P  

2 
CT scans and normal tissue contours for patient 

are available in TPS. 
P  

2 Add GTV/ CTC/ PTV P  

2 Doses entered into prescription Form P  

2 Save and export patient P 
** all needs 

automation** 
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Table 8.1.  Continued 
Label 
From Fig. 

3-2 
Test 

Pass/ 
Fail 

Comments 

C/D 
Trainee & instructor receive notification about 

results of contour comparisons 
P 

** Needs better 
automation*
* 

3 
In TPS: multiple plans should be available to 

review along with “expert” PTV/ CTV 
P 

** Needs 
automation 

3 Review plans and choose one with an error P  

E 
Feedback about error plan is sent to resident 

and director. 
P 

needs 
improvemen
t and 
automation 

3 
Go back into tx planning and unapproved plan 

and approve the “expert “plan 
P  

F 
Since treatment proceeds in real time, have to 

wait about 2 days to check tx films/fields 
P 

*No Need to 
“wait” for 
Demo 

5/F 
Log into Offline Review – there should be 2 sets 

of images to be reviewed. 
P 

** Virtual 
treatment 
files need 
automation 

5/F Mark 2nd pair of films as “unapproved” P  

5/F Next day – log in. Tx should be corrected. P 
**No need to 

“wait” for 
ATP 

5/F 
Patient continued through a course of treatment 

(10 treatments). 
P  

G 
Final report is sent to the resident and resident 

director. 
P 

** needs 
automation 

H Can complete the RCA based on final metrics P  
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Table 8-2.  Summary of initial reviewers  

Would you recommend the VROC for training? Yes Yes Yes Yes Yes Avg 

Realism of the VROC:  
1=Not Realistic  
5=Very Realistic 

Overall system 4 5 5 4 5 5 

Consultation 4 3 4 4  4 

Initial image review 4 5 3 4 5 4 

Contouring 5 5 5 4 5 5 

RX input 4 5 5 4 5 5 

Plan evaluation 5 5 5 4 4 5 

Treatment evaluation 5 5 4 4 4 4 

Specific error situation 4 5 5 4 4 4 

Feedback:  
How helpful was the 

feedback you 
received?  

1=Not Helpful  
5=Very Helpful 

Contour comparison 5 5 5 4 5 5 

Initial Tx plan (if 
applicable) 

4 4 4 4  4 

Final treatment 
evaluation 

4 5 5 4 4 4 
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Figure 8-1.  VROC specific workflow for a single trainee and single virtual patient. 
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CHAPTER 9 
CONCLUSIONS AND FUTURE WORK 

The purpose of this project was to design, develop, and validate a Virtual 

Radiation Oncology Clinic (VROC). The first step included defining the requirements for 

the system. This included a detailed workflow of radiation oncology as well as 

summaries of errors that have occurred in radiation oncology. Feedback for training 

included proposing a set of metrics that could be used. The second step included 

development of the VROC by collecting hardware and developing software to simulate 

different aspects of the RO workflow. The third step included initial testing of the VROC 

developed code as well as validating the overall system for realism. The requirements 

that were initially defined are listed below along with a brief description of how each 

requirement was met.  

Review of VROC System 

There were eight different requirements for the VROC that were listed in Chapter 

2. A description of each requirement along with the work done to date to fulfill the 

requirement is included.  

1. Realistic  
2. Specific for physician residents 
3. Controlled environment  
4. Easily incorporated into the curriculum  
5. Simulates a variety of radiation techniques and errors  
6. Learning objectives and goals are clear for each exercise. 
7. VROC can give immediate feedback on performance  
8. End of Simulation feedback and learning assessment  
 

Realistic: Realism was created by replicating each of the different aspects of the 

radiation oncology workflow using commercially available software from Varian Medical 

Systems. Tests were done to test the realism of the treatment verification images 
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compared to real verification images. The accuracy between simulated and real images 

was within clinical setup deviations of about 3 mm. Several users evaluated the system 

and scored different aspects of the system based on the realism. Overall most aspects 

were rated as “Very Realistic.” 

Specific for physician: The overall workflow for the VROC was designed based 

on workflow diagrams that were focused on the physician roles. The VROC was 

designed to simulate all of the work of the other team members and allow the physician 

trainee to carry out their normal responsibilities. Future work will be to generate interest 

from the radiation oncology residency community in order to identify early adopters to 

further test the VROC and its utility for radiation oncologists. Additional work on the 

VROC is required to scale the overall capacity so that each trainee can manage multiple 

patients at the same time to realistically simulate the demands on the physician in a 

busy clinic. 

Controlled environment: The entire VROC is an isolated database with only 

virtual patient data included. It does not interface directly with any clinical treatment 

machines, EMR’s, or R&V systems. The VROC could be made to automatically 

interface with clinical software if that were done, it would be recommended to keep a 

separate database exclusively for the VROC. Any virtual patients that are created are 

stripped of any identifying information and all DICOM information is changed so that 

there is no risk of patient data being incorrectly transferred from the VROC to the clinical 

systems.  

Easily incorporated into curriculum: Because each trainee can use the 

workflow without direct supervision from the instructor, the VROC would be easy to 
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incorporate into the already existing curriculum of a radiation oncology facility. Also, a 

set of user manuals for all users has been created to further facilitate the use of the 

VROC in a training facility. It is a desired future study to implement the VROC into a 

residency program for a trial period. 

Simulates a variety of techniques and errors: Tests were performed using the 

VROC to simulate a variety of different errors. A summary of errors was presented in 

Chapter 3. A selection of patient setup errors was recreated into the VROC to prove that 

treatment verification images could be simulated correctly. This was shown in Chapter 

5. Also, a variety of different errors were simulated in order to calculate the overall 

metrics for a plan implemented with errors to illustrate how the different feedback would 

change when errors are introduced. This was included in Chapter 6. 

Learning objectives and goals are clear for each case: It is the resident 

director’s responsibility to specify learning objectives as they relate to the curriculum. 

While it is hoped that future studies using the VROC will be conducted, the goal of 

developing the tool was to ensure that it was flexible enough to accommodate any 

learning objects as specified by the instructor. For this reason, a simulation request form 

was created to involve the instructor in the development of the specific scenarios for 

training. A user manual was created along with the VROC to give the instructor 

guidance on how to develop these scenarios. 

Feedback on performance: The different opportunities for feedback within the 

natural radiation oncology workflow were identified in Chapter 3. Contour and planning 

feedback metrics were investigated to propose a set of metrics that could be related to 

outcomes. A study was done on several simulated errors to evaluate the metrics and 
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determine a final suggested report for feedback comparing treatment plans or 

treatments with errors. The summary of this work was included in Chapter 6. 

End of simulation opportunity to test learning objectives: Overall simulation 

feedback is typically called a “debrief”. This allows both the trainee and the instructor to 

discuss the overall exercise as to the realism and to discuss what the trainee observed 

and what they learned. This overall feedback includes an exercise in Root Cause 

Analysis to provide training to the user about common root causes in radiation 

oncology. An online web form was developed to walk the resident through this exercise. 

This can be emailed directly to the resident director for review. To assess the utility of 

the overall simulation experience, a survey form has been created for those who either 

receive a demonstration with the VROC or who use the VROC in order to give feedback 

on the overall impressions as well as the utility of the system.  

Future Studies 

The future for simulation is promising. Specifically for radiation oncology the 

added benefit of simulation training could be cost savings by adding opportunities to 

practice patient treatment planning and patient image review without added time on the 

expensive treatment machines or added time of supervising physicians or the resident 

director. Also, the VROC does not affect patients receiving treatment and is a 

completely separate database to ensure patient safety, while providing opportunities to 

illustrate the ramifications of errors in radiation oncology.  

Simulation Training For Residents 

Simulation has been widely used in the routine procedures in medical training but 

has yet to be embraced at the level of sub-specialties. This could be due in part to the 
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cost of startup of a simulation program as well as the difficulty in some practices to 

provide a realistic simulation. Because most of the technical procedures that the 

radiation oncologist perform are managed through the use of digital images and through 

computer programs, building a simulator specific for the radiation oncologist was done 

by creating an isolated EMR, TPS, and R&V system. Two significant contributions of 

this work were the software to simulate errors in the patient setup through the use of 

simulated portal images, kV/kV images, and CBCT images, and the feedback metrics 

related to errors. Future development for the VROC includes automation of the code 

that generates these images as well as automation of the feedback reports. With full 

automation, the system would require almost no support from outside users and could 

be left in a training facility to allow novice users the opportunity to manage more 

patients than they currently may manage. 

One future study that should be perused is the implementation of the VROC into 

a training program. Ideally each user would manage many different virtual patients at 

one time. The same patient cases could be used for both novice and expert users and 

the differences in the feedback metric reports for the different users would indicate if 

there is a difference between novice users and expert users. In order to implement a 

study of this nature, additional funding and support are needed. A preliminary report 

was sent to Varian Medical Systems regarding the status of the in-kind loan used to 

build the VROC, but a final presentation will determine future opportunities for additional 

resources to conduct a full study in a training facility. Additional sources of funding may 

also be available through the radiation oncology community or through the medical 

simulation community. Manuscripts on the initial validation of the VROC are being 
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submitted to both communities to gain insight into future options for resident training 

with VROC  

Metrics & Feedback 

Another result that came from this work related to the feedback metrics and to 

the error scoring. The feedback metrics that were evaluated for the VROC include a 

number of plan specific parameters as well as scores related to the severity of the error 

based on error reporting recommendations. Ideally, feedback would be directly related 

to the severity of side effects from the error. The severity scoring system used in this 

study was taken from recommendations for a radiation oncology specific national 

radiation oncology error reporting system (77). This work found that with only three 

raters, the error scoring system appears to have a level of subjectivity that was not 

expected. Further investigation into this scoring system did not find any published 

articles in which this particular error scoring system has been implemented. Personal 

communication (110) confirmed that this is the error reporting system will be 

implemented within the Radiation Oncology - Incident Learning System (RO-ILS) being 

developed by ASTRO (56).  

Terezakis et al. (111) conducted a recent multi-institutional study in anticipation 

of the national reporting system. She combined near-miss and error data from two large 

academic radiation oncology centers (Washington University and John’s Hopkins) to 

conclude that there is utility in a national incident learning system because many of the 

errors and near misses were related to human errors. One criticism of this work by 

Terezakis is that while she makes recommendations for the errors that should be 

reported to the new RO-ILS based on error severity, she did not score the errors from 
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these two institutions based on the new recommended scoring system. For this 

published work, the validated French Nuclear Safety Authority (ASN) adverse event 

scoring system was used.  

The ASN system uses a five-point error scoring system that duplicates side-

effect severity grades found in the Common Terminology Criteria for Adverse Events 

(published by the National Institute of Health (NIH) and the National Cancer Institute 

(NCI)). The entire listing of adverse events has been uploaded to the UF Digital Archive 

for reference, and can also be downloaded from: CTCAE v4.0. (Object 9-1). The 

primary difference between the ASN system and the ten point scoring system is the 

separation between temporary and permanent side effects. Traditional scoring systems 

only evaluate the severity of the error regardless of whether it is permanent or 

temporary. The recommendations in Ford et al. (77) specify a Grade 1 permanent side 

effect should be scored as a “5”, but it appears that a temporary Grade 1 side effect 

would be scored as a “1” or “2”. Within the ASN system both errors would be given the 

score of “1”. 

Object 9-1.  CTCAE v4.0 as PDF document (.pdf 512 KB) 

A study to improve the correlation of the VROC metrics to expected side effects 

is necessary in order to improve the utility of the VROC feedback reports. A proposed 

future study includes extending the rating of the severity metrics of the sixty error plans 

to several more experts in radiation oncology. In addition to the scoring system that was 

used for the initial VROC study, the CTCAE grades for adverse effects and the ASN 

scoring system will additionally be used. This may prove useful in providing metric 

feedback from VROC that is correlated to adverse events from errors. Additionally, 

http://ufdc.ufl.edu/IR00003661/00001


 

201 

through this study, it may be possible to validate the ten-point error scoring system or 

make recommendations to ASTRO on details needed in order to improve the 

consistency of the scoring system.  

One other issue with the feedback reports was related to the metric calculations 

for some of the palliative disease sites. As was pointed out in the metric analysis, some 

of the cases did not have an adequate number of structures defined near the targeted 

area. In those cases, instead of indicating the severity of the error, the lack of data could 

inappropriately appear as a low risk of consequences within both the NTCP and the DD 

calculations. For the cases in question, contours should be added to represent all of the 

organs in the vicinity of the tumor volume. This could improve the correlation of the 

NTCP values. The DD dose calculations should also be normalized to the number of 

structures so that the dose calculation is not biased based on the number of structures.  

Root Cause Analysis 

Another future study involves the RCA exercise. Several of the initial evaluators 

ranked this as a useful training tool. While it was built specifically for the VROC system, 

it may have utility to the radiation oncology community as a whole. There are many 

small clinics that may not have the benefit of a risk analysis team and could benefit from 

a simple methodology for evaluating a clinical error. Also, while national reporting 

systems are useful for the community at large, it will be years before the data collected 

would generate recommendations on how to prevent specific errors or near misses, and 

there is little information on whether the RO-ILS will provide tools for conducting a root 

cause analysis.  
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Because the VROC RCA exercise is a web-based form, it would be easy to 

conduct a survey of several different users and institutions to gain feedback on overall 

perceived utility of the RCA exercise. Specific feedback about the utility of the Five 

Why’s technique and the causation table taken from Ford et al. (77) could be used to 

make modifications to this exercise before publishing electronically for open use.  

Another possible future study is based upon one of the comments from the 

validation testing. The VROC may be especially useful for predicting severity scores for 

“near-misses”. The study by Terezakis et al. (111) indicated that most incidents included 

in the combined study were “near-misses” where the errors were caught before they 

occurred. She noted difficulty in predicting the severity of the adverse events in these 

situations. If the VROC system were used for error reporting, the error would be 

simulated as though it was carried out on the patient, and the feedback metrics could be 

used to predict the severity score.  

Using the VROC as an incident reporting system eliminates the redundancy of 

the incident system and also provides real, clinical examples. Also, using the VROC as 

the incident reporting system would provide additional resources and “buy-in” from both 

the clinical teams as well as the residency training programs where time and man-

power are an issue. Within routine clinical work, the errors and “near-misses” for the 

department are reviewed on a routine basis as part of the departmental quality 

assurance meetings. The errors and “near-misses” could be reviewed directly from 

within the VROC where the RCA form could be used to help conduct the root cause 

analysis. This could also be used for a resident conference to provide quality assurance 

summaries based on real clinical cases the resident is already involved in. To further 
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automate this system, a group of standardized patients could possibly be used (112-

113) in much the same way as is done for health physics. While this may not be as 

accurate for the patient specific anatomy, it would provide automation and time savings 

because the patient data would not have to be uploaded into the VROC systems. 

Final Comments 

A virtual radiation oncology clinic (VROC) has been created using commercially 

available software along with developed tools to simulate the radiation treatment 

machine and to generate feedback. Initial testing on the VROC show that the different 

aspects of the system are functional and that error can be accurately simulated. 

Feedback can be calculated to compare contours between and expert and novice. Error 

report feedback that can predict a possible severity of the error can be calculated for 

any error that occurs in the system. An RCA exercise was created to supplement 

learning about error mitigation using the VROC. Initial validation indicates that the 

system is realistic. Several studies are proposed for future use of the VROC and the 

RCA Exercise.  
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APPENDIX A  
DETAILED DESIGN TABLE 

Table A-1.  VROC workflow development chart in table format 

Step Workflow Workflow task Software Description of features/functions 

A/B  
List of 

virtual 
patients 

Create database VROC 
Searchable database (by name, 

resident, diagnosis, error) 

Generate virtual 
patient 

VROC 
Instructions for importing/ 

exporting patient from clinical 
environment 

Add virtual patient 
to database 

VROC 
DICOM DAEMON to import 

patients into Database 
Multiple treatment 

plans  
VROC/ TPS 

Treatment plan & scripts to 
modify treatment plans 

Metrics for the Tx 
plans 

VROC/ TPS 

Export plan from TPS to 
MATLAB™: Develop software 
in MATLAB™ to calculate 
metrics. 

Portal films for Tx 
review 

VROC/ TPS 
Scripts to create DRRs within 

TPS & store in database  
“Error” portal films 

for Tx review 
VROC/ TPS 

Create “error” plans & stored 
DRRs 

A 
Assign 

patient  

CT & patient 
demographic to 
virtual clinic 

Patient 
Manager 

Method to add demographics to a 
patient in Aria™. 

Schedule patient 
for consult 

Time Planner 
Method (instructions) to assign a 

patient to a resident’s 
schedule 

Log file for 
resident time in 
VROC 

VROC/ 
Report 
manager 

Log file to track of the time the 
resident is actively using the 
system. 

1 
Consultation 

report 
Mark consult as 

reviewed 
Patient 

Manager 
Tracked review status back to the 

database 

1 
Determine if 

radiation 

Simulation 
assigned to 
resident 

VROC / Time 
Planner 

Script or .bat program to assign 
to Time Planner  

2 
Planning 

prep. 

CT scan available  
VROC/ TPS/ 

RT Chart 
DICOM software to send the CT 

data to TPS. 

Patient scheduled 
for planning 

VROC/ Aria™ 
/ Time 
Planner 

BATCH file or script to add 
patient to resident schedule  

Contours are 
loaded 

VROC/ TPS 
BATCH file or DICOM to upload 

the RT_STRUCTURE file  
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Table A-1.  Continued 

Step Workflow Workflow task Software Description of features/functions 

2 Review CT 
Open patient in 

TPS 
Eclipse™ 

Instruction how to open a patient 
file and structure file in TPS 

2 
Add 

contours 
Adds target 

structures 
Eclipse™ 

Instructions on how to add GTV 
and PTV in TPS 

2 
Add 

planning 
intent 

Prescription intent RT Chart 
Instructions to resident how to 

add an Intent or Rx 

Add a beam & RX Eclipse™ 
Instructions on how to add a 

beam and Rx 

Saves & Export 
VROC 

Eclipse™ 
Instructions to export patient to 

contour review 

C/D 
Review of 

contours 

Contours to 
compare 

VROC 
Bat file to recognize new file in 

database 

Contours are 
compared  

VROC/ 
MATLAB™ 

Software to compare contours  

Results of contour 
comparisons 

VROC/ 
MATLAB™ 

Differences between contours 
sent via email to resident and 
director. 

Patient purged 
from Eclipse™/  

VROC/ 
Eclipse™ 

A Bat file to clear out all planning 
and contouring  

3  
Import other 4 

treatment plan 
VROC / 

Eclipse™ 
Import other plans to review over 

the top of the other files  

3/A 
Planning 

options 
Upload 4 plans for 

review 
VROC/ 

Eclipse™ 
Instructions on how to compare 

plans 

3 
Chooses a 

plan 

Resident review & 
approves plan 

Eclipse™ 
Instructions on how to approve a 

plan 

Patient exported 
Eclipse™ / 

VROC 
Instructions on how to export 

patient for plan comparisons 

Calculate metrics 
for various 
plans 

VROC 
Program to calculate metrics 

(NTCP, TCP, EUD, etc.) 

Metric tracking 
along with plan 
approvals 

VROC 
Metrics are stored within the 

database 
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Table A-1.  Continued 

Step Workflow Workflow task Software Description of features/functions 

E 
Attending 

review 

Report of metrics 
of plans 

VROC 
Metrics are emailed to resident 

and director 

Clean TPS 
Eclipse™/ 
VROC 

Batch file or script to clear old 
patient file prepare Eclipse™ 
with only “best” plan for 
treatment 

4/F  
Start 

treatment 

Approved plan 
setup for 
treatment 

VROC/ 
Eclipse™/ 
RT Chart 

Plan setup in RT Chart for 
treatment “plan approval” 
“treat approval” 

Create treatment 
records 

VROC / RT 
Chart 

Software to create the DICOM 
treatment record 

Create creates RT 
images 

VROC / 
Eclipse™ 

Creates DICOM verification 
images in TPS and stores 
them until needed 

Send tx records & 
images 

VROC/ RT 
Chart 

DICOM DAEMON and Batch files 
to send the TX record and 
images to RT Chart 

  Films review 
Offline 

Review 

Instructions for resident: how to 
check films in Offline Review 

  

Films marked as 
reviewed (or 
with changes) 

Offline 
Review 

            “                                  ” 

4/F 

Resident 
Review 
Tx films 

Evaluate film 
status  VROC 

Program that will recognize notes 
on films 

  

Update treatment 
based on film 
status 

VROC (see 
5a) 

Program to change treatment 
based on notes in films 

  
Overall metric of 

treatment 
Eclipse™ / 

VROC 

Program to update metrics 
calculated to relate to errors in 
treatment 

G/H 
Review of 

Treatmen
t 

Root cause 
analysis VROC 

Web-based program for a root 
cause analysis 

Final report for 
resident VROC 

Program that will compile all of 
the metrics, log files, and the 
root cause analysis into a final 
report. 

 
 



 

207 

APPENDIX B 
FILM ANALYSIS INFORMATION 

Included within Appendix B are the alignment details. Table B-1 includes all of 

the shifts that were tested for the kV/kV alignment process. The initial image location is 

where the phantom was placed on the treatment couch, and the registration position is 

where the patient was at the end of the localization process. This indicates whether or 

not the patients were shifted back to isocenter or were off when the patient completed 

treatment. The shift values were used to compare the final isocenter location. The 

differences for each were used to determine how accurately the real registered images 

aligned to expect. Tables B-2 through B-4 include the details about the kV image 

registration. Table B-2 is the detailed shifts for each fiducial. Table B-3 gives the 

isocenter locations for the real film and Table B-4 gives the isocenter locations for the 

simulated films.  

The detailed isocenter locations for the CBCT data for the real and simulated 

datasets are included in Table B-5 and Table B-6 
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Table B-1.  Image and registration offsets in KV/KV image testing 

 
Planned offset of points to center of image 
X= Lateral Y= AP  Z = S/I (mm) 

 Set1 Set2 Set3 

Initial image position (ON)  
Registration position (ON) 

   0,    0,   0 
   0,    0,   0 

    0,    0,    0 
    0,    0,    0 

    0,     0,     0 
    0,     0,     0 

Initial image position (ON) 
Registration position (OFF) 

   0,    0,   0 
 20, -10, 30 

    0,    0,    0 
 -30,  20, -10 

    0,     0,     0 
-5.4, -4.4, -32 

Initial image position (OFF) 
Registration position (ON) 

-20,  10, 30 
   0,    0,    0 

  30, -20,  10 
    0,    0,    0 

 5.4,  4.4,   32 
    0,     0,     0 

Initial image position (OFF) 
Registration position (ON) 

-20,  10, -30 
 20, -10,  30 

  30, -20,  10 
 -30,  20, -10 

 5.4,  4.4,   32 
-5.4, -4.4, -32 
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Table B-2.  Difference for each data point between actual and simulated films 

Difference (actual vs 
simulated) 

AP (film1) mm S/I (film1) mm Lat (film2) mm S/I(film2) mm 

Fiducial 1  1.64  2.21  0.50  3.45  0.90  0.91  0.05  2.70 

Fiducial 2  2.39  2.46  0.77  3.09  1.40  2.88  0.33  4.59 

Fiducial 3  1.89  2.57  0.35  3.04  0.75  0.90  1.02  4.52 

Anatomical Pt1 -0.14  0.81 -1.59  3.12  0.69  1.36 -0.65  1.13 

Anatomical Pt2  0.45  1.66  0.07  1.91  0.23  1.57  1.25  3.16 

 
 

Table B-3.  Alignment compared to known isocenter (actual film) 

Actual image AP (film1) mm S/I (film1) mm Lat (film2) mm S/I(film2) mm 

Acquisition isocenter 0.33  0.23 0.62  0.47 0.01  0.53 0.43  0.27 

Registration 
isocenter 

0.33  0.23 0.73  0.30 0.09  0.44 0.45  0.25 

 
 

Table B-4.  Alignment compared to known isocenter (simulated films) 

Simulated image AP (film1) mm S/I (film1) mm LAT(film2) mm S/I(film2) mm 

Acquisition isocenter 0.16  0.45 0.43  0.39 0.04  0.34 0.38  0.34 

Registration 
isocenter 

0.29  0.32 0.52  0.33 -0.06  0.15 0.35  0.32 
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Table B-5.  Alignment compared to known isocenter (actual CBCT) 

Actual CT Scans X= Lat (mm) Y=A/P (mm) Z = S/I (mm) 

Acquisition isocenter 0.22  0.82 -0.21  1.48 -0.79  1.93 

Registration isocenter -0.29  0.35 -0.21  0.31 -0.18  0.59 

 
 

Table B-6.  Alignment compared to known isocenter (simulated CBCT) 

Simulated CT Scans X= Lat (mm) Y=A/P (mm) Z = S/I (mm) 

Acquisition isocenter 1.08  1.04 -0.38  0.95 0.42  0.79 

Registration isocenter 1.08  0.93 -1.41  1.05 -1.39  1.98 
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APPENDIX C 
METRIC CALCULATION INFORMATION 

Table C-1 includes the numbers that were used in the calculations for EUD, 

NTCP and TCP. The response of tumor tissue is different than normal tissue therefore 

the table is divided into two parts. The upper part is the target tissue values, and the 

lower is the normal tissue values. The values for the table are taken from sources 

including Gay et al.(69), Niemierko et al.(62), and Emami (114). 

 a is the parameter that is used for EUD calculations and relates to the overall 
tissue response.  It is found empirically and is <0 for target tissues and >0 for 
normal tissues. 

 ɣ50 represents the slope of the dose response curve and is modeled for each 
individual structure 

 TD50 is a value that relates to the tolerance dose for a 50% complication rate for 
the specific structures of interest. The value ɣ50 represents the slope of the dose 
response curve and is modeled for each individual structure 

 α/β is related to whether the tissue is late responding (like target with value of 10) or 
early responding (low values).It is used in the initial EUD calculation to scale to 
equivalent dose given at a 1.8 Gy fraction 

  



 

212 

Table C-1.  Values used in the EUD and TCP for target calculations 

Targets   a ɣ50 TD50 α/β 

PTV (general)  -12 2 60 10 

PTV Lung  -10 2 55 10 

PTV Prostate  -7 2 71 3 

PTV Breast  -7.2 2 60 3 

PTV Brain  -10 2 60 10 

PTV Palliative  -13 2 45 2.1 

PTV Pancreas/abdomen -12 2 60 10 

PTV Bone palliative  -13 2 45 3 

PTV H/N Primary  -10 2 70 10 

PTV H/N Secondary  -12 2 60 10 

PTV H/N Nodes  -10 3 55 10 

PTV H/N   -10 3 55 10 

Adapted from  
Gay HA, Niemierko A. A free program for calculating EUD-based NTCP and TCP in 

external beam radiotherapy. Phys Med 2007; 23: Table 1. P. 118..  
Emami B. Tolerance of normal tissue to therapeutic radiation Reports of Radiotherapy and 

Oncology 2013; 1(1); Table 2-3 pp. 39-41. 
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Table C-2.  Values used in the EUD and NTCP for normal tissues  

Normal Tissue   a ɣ50 TD50 α/β 

Bladder  6 4 80 4 

Body  6 4 55 6 

Bowel  6 4 65 8 

Brainstem  7 3 65 2.1 

Breast (non-target)  0.8 2 60 3 

Chiasm  25 3 65 3 

Cord  30 4 70 3 

Cord  30 4 45 3 

Esophagus  19 4 68 3 

Eye  15 2 65 3 

Femur  10 4 65 0.8 

Heart  3 3 50 2 

Kidney  1.3 3 28 3 

Larynx  5 4 80 3.5 

Lens  3 1 18 2 

Liver  3 3 40 1.5 

Lung  1.2 4 24.5 4 

Nerves  25 3 65 3 

Oral cavity  5 4 80 4.4 

Parotid  1 4 46 3 

Penile bulb  25 4 50 3 

Rectum  6 4 80 3.9 

Skin  6 4 78 2 

Stomach  6 4 65 8 

Trachea  5 4 65 4.4 

Vein   3 4 50 2 

Adapted from  
Gay HA, Niemierko A. A free program for calculating EUD-based NTCP and TCP in 

external beam radiotherapy. Phys Med 2007; 23: Table 2. P. 118.  
Emami B. Tolerance of normal tissue to therapeutic radiation Reports of Radiotherapy and 

Oncology 2013, 1(1); Table 2-3 pp. 39-41.  
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Detrimental Dose: For the calculation of the Detrimental dose the following data 

are required: 

 DE = Dose Error to target  

 D = Delivered Dose to tissues 

 VI = Tissue Volume irradiated 

 V = Volume of Tissue 

 TS = Tissue Sensitivity 

 SI = Patient Severity Index  
 

These are based on a proposal of Carlone et al.(78). Because the EUD was used 

for the calculations within the VROC, and this value gives the dose to that would have 

the same effect if the entire organ was irradiated, there was no need for the volumetric 

values within the Detrimental dose calculations.  Also, in order to prevent patients going 

to very high treatment doses such that surrounding normal tissues receive very high 

doses from being scaled too highly, the change in the dose to the normal tissues was 

used rather than the actual Delivered Dose to tissues.  In this way the DD that we 

calculate will give an indication of the severity of the error. Recommended values for TS 

and SI are illustrated in Table C-3 and are taken from the poster presentation on DD 

and are similar to health physics scaling values for different tissues and are similar to 

other scaling values for severity. 
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Table C-3.  Recommended TS and SI values for calculating DD 

 Tissue or Effect Value 

Tissue Sensitivity (TS)   

 CNS 10 

 Cardiopulmonary  8 

 Abdominal organs 5 

 Muscle/bone 3 

 Skin/Cartilage 1 

 

 

 Effect on Patient (SI)   

 Death 10 

 Failure to cure 9 

 Paralysis & loss of function 7 

 Hospitalization  5 

 Cosmetic 2 

 None 0 
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APPENDIX D 
HEAD AND NECK METRIC CALCULATIONS 

Details for the head and neck data analysis are included in Appendix D. The 

details of the different plans that were created are described below followed by the 

summary of the different data that were calculated. Table D-1 is the summary of the 

average and standard deviations of the consequence severity metrics that were given to 

the different head and neck plans by the experts. It also includes the dose severity 

metrics.  This table indicates the large standard deviations that were noticed in the 

scoring metrics. Table D-2 lists all of the target metrics for the Head and neck cases for 

all errors. Table D-3 lists the details of the parotid gland values for all cases. Table D-4 

lists all of the different dose metrics for the spinal cord.  

The errors that were simulated are described below.  

1. Spatial Error: The patient was aligned to their initial simulation marks without the 
proper shift to the treatment-planned isocenter (about 3 cm in each direction). Shift 
not noticed until 1week later when portal films were re-taken. (5 treatments). 

2. Spatial Error: Same error as that described in #2, but is caught and corrected after a 
single treatment. 

3. Spatial Error: Patient is aligned with CBCT in a daily imaging regimen, but the auto-
alignment caused a fusion to the wrong vertebral body in the neck- not caught by 
evaluation this occurs for 2 of the 35 treatments. 

4. Spatial Error: This is the same error as that in #4 above, but shifted in the opposite 
direction for 2 fractions.  

5. Dosimetric Error:  System interruption due to network connectivity, data was not 
recorded; therapists inadvertently treat one beam a second time in the confusion.  

6. Dosimetric Error: Due to confusion, therapists change the gantry angle for 2 beams 
for 5 treatments 

7. Dosimetric Error: The physician writes the prescription for 1.8 Gy for 35 Fractions 
when they intended 2.0 Gy for 35 Fractions. The plan is created to match the 
prescription, which was not detected.  The patient is under-dosed by 7 Gy.  



 

217 

8. Dosimetric Error:  Planning system accidentally calculated plan for 70 Gy in 30 
Fractions instead of 35 fractions. The prescription in the record and verify system is 
correct for 70Gy in 35 Fractions and no one checking the chart realizes the plan is 
for only 30 Fractions. By treating to a total of 35 fractions, the patient would receive 
an over-dose of 11.66 Gy. 

9. Spatial/Dosimetric: In this scenario, the physician contours the high dose volume on 
the wrong side of the patient’s neck. The high neck nodes and low neck nodes are 
not changed and the dose to them is the same. 

10. Spatial/Geometric: The single anterior supraclavicular field was prescribed 25 
fractions while the remainders of the fields were prescribed 35 fractions. For this 
simulation, the supraclavicular field was not stopped after 25 fractions and was 
allowed to continue for 35 fractions 

In the case of Patient 1, the parotid received a much higher dose than it did for 

the other 2 patients for both the clinical plan as well as the error plans. As is typical with 

radiation plans, the closer a normal structure is to a target, the sharper the dose 

gradient towards that structure making the plan much more sensitive to errors in that 

direction. In these situations where there is a high dose gradient small changes in 

patient setup will introduce much larger changes into the OAR than will be observed for 

plans where there is not a gradient such as is the case with Patient 2 and Patient 3.  

For the ipsilateral parotid (parotid on the same side of the neck as the tumor 

volume), the NTCP value was calculated as 48.8% based on the approved treatment 

plan which would have been an acceptable risk for this particular situation, any dose or 

geometric error that shifted the dose into an already compromised parotid gland will 

have a dramatic effect on the NTCP and therefore the NTCP changes by more than 5% 

risk in at least 5 of the scenarios, the most dramatic of which was error #8 in which the 

parotid has an NTCP value of 97%.  

For spinal cord, the NTCP values were minimal for all situations except for error 

scenario #10 in which the spinal cord would have received a potential dose increase 
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above threshold of 45Gy and the NTCP value jumped to 30.6% (Patient 1). Patients 2 

and 3 also showed and increase to the risk to the cord from error #10, however it was 

not as dramatic because even though the error scenario is described as the same type 

of error, each patients’ plan is slightly different and therefore the consequences of the 

supraclavicular field being treated 10 extra fractions does not have exactly the same 

effect. 
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Table D-1.  Head and neck error scores 

 Patient 1 Patient 2 Patient 3 

Error # Dose Severity Dose  Severity Dose  Severity 

 score score score score score score 

1 5 6 ± 3 3 5 ± 5 5 5 ± 5  

2 1 2 ± 3 1 2 ± 3 1 2 ± 3 

3 1 0 ± 1 1 0 ± 0 1 0 ± 0 

4 1 0 ± 1 1 0 ± 0  1 0 ± 0 

5 1 0 ± 1 1 0 ± 0 1 0 ± 0 

6 5 0 ± 1 1 0 ± 0 1 0 ± 0 

7 5 8 ± 0 5 8 ± 0 3 8 ± 0 

8 5 6 ± 2 5 5 ± 4  5 5 ± 4 

9 7 8 ± 0 7 8 ± 0 5 8 ± 0 

10 7 6 ± 1 5 5 ± 3 5 6 ± 2 
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Table D-2.  Target values for head and neck cases 

Case # 
Patient 1 

EUD 
(Gy) 

Patient 2 
EUD 
(Gy) 

Patient 3 
EUD 
(Gy) 

Patient 1 
% Cov 

Patient 2 
% Cov 

Patient 3 
% Cov 

Patient 1 
J 

Patient 2 
J 

Patient 3 
J  

Standard 75.75 73.16 74.18 97.09 88.45 95.48 0.74 0.80 0.86 

1 71.10 68.44 69.48 68.20 16.91 33.53 0.61 0.17 0.33 

2 74.52 72.29 73.3 96.05 80.63 92.04 0.76 0.77 0.85 

3 75.17 73.12 74.01 96.09 89.16 95.25 0.75 0.82 0.88 

4 74.73 72.75 73.81 94.90 83.47 92.75 0.77 0.77 0.85 

5 75.94 73.52 74.67 97.35 91.75 96.71 0.73 0.81 0.86 

6 74.80 73.52 72.78 96.42 91.78 82.96 0.75 0.81 0.77 

7 66.99 64.65 65.62 0.04 0.15 0.00 0.00 0.00 0.00 

8 90.92 87.65 89.01 99.9 99.98 100.00 0.21 0.36 0.44 

9 66.52 44.40 59.83 65.53 37.36 52.81 0.34 0.38 0.35 

10 75.34 73.28 74.33 96.67 89.20 95.48 0.27 0.39 0.86 
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Table D-3.  EUD and NTCP for ipsilateral parotid head and neck cases 

Case # 
Patient 1 

EUD 
Patient 1 

NTCP 
Severity 

Patient 2 
EUD 

Patient 2 
NTCP 

Severity 
Patient 3 

EUD 
Patient 3 

NTCP 
Severity 

Standard 46.31 52.72  19.93 0.00  21.60 0.00  

1 47.91 65.74 6 ± 3 24.66 0.01 5 ± 5 26.21 0.01 6 ± 1 

2 46.58 54.97 2 ± 3 20.84 0.00 2 ± 3 22.50 0.00 7 ± 2 

3 47.07 59.13 0 ± 1 20.6 0.00 0 ± 0 22.47 0.00 8 ± 0 

4 45.80 48.26 0 ± 1 19.53 0.00 0 ± 0 21.04 0.00 7 ± 1 

5 46.52 54.44 0 ± 1 19.94 0.00 0 ± 0 21.79 0.00 6 ± 4 

6 45.67 47.16 0 ± 1 20.23 0.00 0 ± 0 20.91 0.00 1 ± 1 

7 40.27 10.63 8 ± 0 17.44 0.00 8 ± 0 18.98 0.00 10 ± 0 

8 57.09 96.94 6 ± 2 24.22 0.00 5 ± 4 26.20 0.01 4 ± 3 

9 19.73 0.00 8 ± 0 23.05 0.00 8 ± 0 16.76 0.00 8 ± 0 

10 46.04 50.35 6 ± 1 20.03 0.00 5 ± 3 21.66 0.01 7 ± 0 
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Table D-4.  EUD and NTCP for spinal cord head and neck cases 

Case # 
Patient 1 

EUD 
Patient 1 

NTCP 
Severity 

Patient 2 
EUD 

Patient 2 
NTCP 

Severity 
Patient 3 

EUD 
Patient 3 

NTCP 
Severity 

Standard 34.66 0.06  33.06 0.03  34.72 0.06  

1 34.80 0.07 6 ± 3 32.70 0.02 5 ± 5 33.40 0.03 6 ± 1 

2 34.60 0.06 2 ± 3 32.79 0.03 2 ± 3 34.27 0.05 7 ± 2 

3 34.57 0.06 0 ± 1 32.54 0.02 0 ± 0 34.42 0.06 8 ± 0 

4 35.71 0.10 0 ± 1 32.78 0.03 0 ± 0 34.09 0.05 7 ± 1 

5 34.78 0.07 0 ± 1 33.16 0.03 0 ± 0 35.00 0.07 6 ± 4 

6 36.28 0.13 0 ± 1 32.97 0.03 0 ± 0 35.08 0.08 1 ± 1 

7 30.31 0.01 8 ± 0 28.88 0.00 8 ± 0 30.47 0.01 10 ± 0 

8 42.36 1.51 6 ± 2 40.31 0.69 5 ± 4 42.61 1.66 4 ± 3 

9 34.66 0.06 8 ± 0 33.06 0.03 8 ± 0 34.85 0.07 8 ± 0 

10 52.25 30.58 6 ± 1 46.44 6.26 5 ± 3 50.33 19.48 7 ± 0 
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APPENDIX E 
VARIETY CASE METRIC CALCULATIONS 

The variety patient error metrics were taken from ten different patients each with 

different disease selection. The prescribe doses for each plan were different as were 

the normal structures of interest.  For each of the ten patients three different errors were 

created into each patient case and the changes in the metrics were calculated.  Table 

E-1 is the list of the errors that were created along with the ten specified disease sites 

and cases. The experts scored all of the plans and the average and standard deviation 

of the consequence severity metric is included along with the dose severity metric in 

Table E-2. The target tissue doses are summarized in Table E-3. Only the combined 

metrics for the normal tissue doses were reported and are listed in Table E-4. 
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Table E-1.  Variety case disease sites and errors  

 Disease Error 1 Error 2 Error 3 

1 Left breast Setup (1 of 30) 
MLC omitted 2 fields  (5 

of 30) 
MLC omitted 1 field (25 of 30) 

2 Lung Setup (2 of 30) 
MLC omitted 1 field (5 of 

30) 
Wrong energy 6x vs 18x (30 of 

30) 

3 
Palliative 

spine 
Dose RX (12 of 12) Setup 2.5 cm (4 of 12) Setup (12 of 12) 

4 Whole brain Norm Block (15 of 15) 
Setup 3cm + 3cm (4 of 

15) 
Rx error (3 of 15) 

5 Partial brain Setup (1 of 33) 
Setup marks on mask (3 

of 33) 
Setup marks on mask (5 of 33) 

6 Larynx Setup (1 of 35) 
Wedge omit 1 field (3 of 

35) 
Wedges inverted (35 of 35) 

7 Head/Neck Setup (5 of 35) Field TX 10 extra times 
IMRT MLC omitted (3* stopped 

early) 

8 Abdomen Setup (1 of 28) Setup (2 of 28) RX wrong (28 of 28) 

9 Prostate Wrong Field (1 of 39) Fields switched (5 of 39) Setup (15 of 39) 

10 Rectum 1 Extra Fld (1 of 28) Wrong fields (3 of 28) FX error 18 instead of 28 
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Table E-2.  Error scores for variety cases 

 Error1 Error2 Error 3 

Patient # Dose 
Average 

Severity 
Dose 

Average 
Severity 

Dose 
Average 

Severity 

1 1 0 ± 0  6 4 ± 3 8   6 ± 1 

2 1 6 ± 4 4 1 ± 1 8   7 ± 2 

3 8 6 ± 2 8 8 ± 0 9   8 ± 0 

4 5 7 ± 1 5 6 ± 2 8   7 ± 1 

5 1 0 ± 0 1 6 ± 4 6   6 ± 4 

6 1 3 ± 4 1 3 ± 3 1   1 ± 1 

7 5 4 ± 4 7 7 ± 0 10 10 ± 0 

8 1 0 ± 1 1 0 ± 1 5   4 ± 3 

9 1 0 ± 1 1 0 ± 1 8   8 ± 0 

10 1 0 ± 1 5 2 ± 3 7   7 ± 0 
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Table E-3.  Target metrics for variety cases 

Case 
# 

Plan1 % 
EUD 

Plan2 % 
EUD 

Plan3 % 
EUD 

Base 
%Cov 

Plan1 
%Cov 

Plan2 
%Cov 

Plan3 
%Cov 

Base J Plan1 J  Plan2 J Plan3 J 

1 -0.07 16.69 27.44 100.00 100.00 100.00 100.00 0.66 0.67 0.59 0.57 

2 -2.00 6.41 41.50 90.05 75.22 99.85 100.00 0.84 0.72 0.75 0.55 

3 40.24 -40.43 -108.08 100.00 100.00 37.06 44.04 0.09 0.03 0.36 0.01 

4 19.69 -22.83 51.81 98.30 100.00 86.13 100.00 0.97 0.98 0.85 0.47 

5 -0.03 -1.58 -3.07 96.90 96.90 72.05 71.06 0.73 0.73 0.62 0.62 

6 -4.10 3.30 -0.56 100.00 60.68 100.00 100.00 0.05 0.05 0.04 0.05 

7 -4.47 0.27 75.42 96.32 72.71 96.67 0.00 0.65 0.67 0.53 0.00 

8 -0.95 -2.19 13.26 87.60 75.88 64.60 99.96 0.70 0.65 0.65 0.57 

9 -0.16 1.03 -43.56 99.64 99.38 99.75 14.15 0.65 0.66 0.65 0.13 

10 0.80 0.37 19.03 95.30 99.99 99.67 100.00 0.94 0.89 0.51 0.20 
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Table E-4.  Normal tissue metrics – variety cases 

Case 
# 

NTCPtot 
Baseline 

NTCPtot 
Error1 

NTCPtot 
Error2 

NTCPtot 
Error3 

DD Error1 DD Error2 DD Error3 

1 0.00 0.00 0.03 1.23 0.18 68.17 160.52 

2 0.57 0.09 1.94 84.42 5.56 80.45 389.34 

3 0.00 0.00 0.00 0.00 41.30 14.68 81.79 

4 23.95 5.47 62.87 98.64 8.56 205.67 538.36 

5 7.29 7.36 11.91 19.50 4.11 61.61 227.50 

6 7.40 4.02 11.80 0.03 2.87 12.07 1.64 

7 49.09 65.47 65.70 100.00 109.06 5.96 6012.94 

8 91.14 90.57 90.03 99.90 1.05 1.18 250.04 

9 1.06 0.98 1.36 0.24 5.08 9.78 68.65 

10 0.21 0.24 0.25 0.54 6.56 34.34 203.55 
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APPENDIX F 
INITIAL VROC CASES 

Table F-1.  Patients available in initial VROC 

Case title Plan details and planning errors Treatment details and treatment errors 

Prostate IMRT 
with CBCT 
alignment 

3 plans total - one is as treated, one with gantry 
angle changes and not optimized, the other with 
relaxed constraint on rectum. 

Major treatment error occurred in which another prostate 
patient treatment fields were delivered on this patient. 
This results in a "wrong patient” error that would need 
to be reported. 

Brain IMRT 
Treatment error with wrong daily dose (1.8 x 33). 

Also a treatment plan with beams going through 
eyes with no chiasm dose constraint. 

Routine setup errors (assuming no imaging one day and 
treated to "wrong" marks). Also, another error where 
there is a computer glitch and part of the treatment is 
given 2 x because it was not recorded and they didn't 
realize 2 fields were treated twice. 

Head and neck 
IMRT 

Plan 1- re optimized with only PTV - no normal 
tissue constraints Plan 2- dose grid is cropped 
so DVH's are not correct Plan 3 - Expected plan 
= Plan 4 - (not for review - only treated with no 
MLC) 

Major treatment error that occurs in this scenario is that 
the MLC files are deleted somehow upon plan 
approval and are not detected. Treatment is given for 2 
treatments before it is realized. 

Lung IMRT 
Planning errors are generic types of errors or 

mistakes. 

The specific treatment error is that the patient is setup 
and then somehow shifted to the "wrong site" laterally 
so that the right lung is treated. This is a reportable 
error and so an RCA form needs to be filled in. 

Intro case basic 
plan review 

Planning errors (3 plans?)  Relatively obvious 
mistakes or MLC left out. 

Treatment errors are setup errors only, or mis-
interpretation of portal films due to imaging issues. 
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Table F-1.  Continued 

Case title Plan details and planning errors Treatment details and treatment errors 

Esophagus 
Alignment 

Change in constraints, and wrong changes in 
coverage. 

Setup error to wrong vertebral body. Treatment error with 
MLC removed due to crash/computer issues. 

Brain IMRT 
Setup Errors 

The planning errors include extra margin and also 
a plan in which the MLC is deleted. 

Specific treatment error is a setup error on the first day 
such that patient is at least 2-3 cm off from the CAX. 
Additional "minor" setup errors will also be introduced 
after this first error is detected.  If the error is not 
detected then it will continue until the resident realizes 
there is a mis-alignment. 

Left Breast 
Only a single treatment plan is available for 

treatment this time. 

Treatment delivery will be based on Clinical issues with 
this particular patient setup where the common 
isocenter was set 2cm superior on a couple of 
occasions.  Confusion in interpreting portal films. 

Lung for CAP 

The initial plan will be used, as well as one that 
does not constrain to the brachial plexus and to 
the cord to determine if they check the doses 
carefully. Also, a treatment plan in which the 
fields are open and conformal (not IMRT) to see 
if this is significantly different than the other 
plans. 

On fraction 1-2 the alignment to CBCT is mis-aligned 
superiorly by 1 vertebral body. The error was not 
detected and is treated incorrectly for both of these 2 
fractions.  (If the resident detected the error on FX 1 
then it is corrected. 
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Table F-1.  Continued 

Case title Plan details and planning errors Treatment details and treatment errors 

Abdomen CAP 

3 treatment plans will be evaluated. - IMRT with 
objectives being met -Arc + IMRT - with 
objectives - IMRT with stomach and kidney 
objectives not met 

Alignment error on Fraction 2. If it is detected then it will 
be corrected for fraction 3 but if not then it will continue 
to be treated incorrectly until it is detected by the 
resident. 

RT Breast CAP 

Only 2 plans will be available for this case to 
simplify the selection.  One plan will be standard 
and the other will have mixed energies and will 
be hotter. 

Initial Films are good (films prior to treatment). After 1 
week of treatment new films show setup error of about 
2-3cm. (Could have been going on for all 5 fractions). 
Also, a treatment error occurs in which the MLC file for 
some reason was not loaded 
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APPENDIX G 
RCA EXCERCISE FORM 
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