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Chapter 1  

 

INTRODUCTION
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SECTION 1 – PURPOSE AND OVERVIEW 
 
The purpose of the thesis work performed was to gain a knowledge base about the field 

of virtual reality and its application to medical device design. It was the intention to use 

the understanding and knowledge base to integrate existing virtual reality products into 

the creation of a design environment for medical device development.  The virtual reality 

work was divided into several main components. The first was focused on understanding 

virtual reality technology that existed on a commercial level, identifying experts in the 

field, and understanding research at other academic institutions in the area of virtual 

reality.  

 

The second component was to use the knowledge of virtual reality applications and apply 

it to the field of mechanical design. The specific area of interest was to combine 

knowledge of human anatomy and medical device design with virtual reality applications 

to create a virtual medical device design environment.  

 

A third component of the work was to create partnerships with medical device companies 

that will lead to collaborations in the future. Furthermore, the preliminary research in this 

area allowed the research team to apply for research grants for future projects. 

 

As a result of the initial work in virtual reality applications, a collaborative effort with St. 

Jude Medical resulted in the creation of virtual heart models that were used to develop 

physical models for bench top testing. The work focused on the anatomy that affected the 

design and performance of patent foramen ovale (PFO) closure devices. Research 
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focused on understanding and creating a classification system that characterized 

variations in anatomy for closure patients in order to develop accurate bench top models. 

Also, CT heart models were used to create virtual models that could be visualized in a 

virtual reality environment and manipulated in a computer aided design (CAD) 

environment. 

 

This thesis will seek to sufficiently describe the research performed in order to give an 

understanding of all that is involved with the development of a virtual reality based 

medical device design environment. Information will be presented on the field of virtual 

reality that will include the capabilities, obstacles, and limitations of using virtual reality. 

Also, the thesis will provide a description of the development of anatomic models and the 

challenges that existed with trying to accurately model the variability of a heart defect. 

The use of models and research to understand a defect, whether it is cardiovascular, 

endovascular, or skeletal, is essential to designing a medical device that is able to treat 

the defect safely and effectively. It is the goal of this thesis to show how the integration 

of virtual reality components, models, and classifying anatomical structures will improve 

medical device development.  

 

The thesis is broken into three main sections with the underlying integrated theme of 

understanding all the entities necessary for the successful development of a virtual design 

environment specific to medical devices. The first section introduces the field of virtual 

reality, hardware and software components available, as well as work that was done to 

view anatomic models in a virtual reality environment. The second section describes the 
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outline and groundwork for the medical device design system and the final section is an 

in-depth analysis of what is necessary in order to understand a specific anatomy set for 

the development of a medical device for the indicated need. Though the thesis work did 

not result in the actual creation of a virtual design environment, the groundwork was laid 

for grants, collaborations, and continued research that will lead to a developed system in 

the future.  

 

The initial work in the exploration of virtual reality was performed in conjunction with 

Eric Jerke, a fellow graduate student in the Medical Device Laboratory at the University 

of Minnesota. Through out the work performed, partnerships were formed with the 

Minnesota Supercomputing Institute (MSI)20 and St. Jude Medical. The collaboration 

with MSI focused on importing anatomic models into a virtual reality environment. St. 

Jude Medical provided access to CT models, as well as Mimics19, a computer program 

used to create anatomic models from CT scans. Additionally, St. Jude sponsored the 

portion of this thesis associated with the creation of a classification system for patent 

foramen ovales (PFO).  
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Chapter 2  

 

VIRTUAL REALITY RESEARCH AND WORK 
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SECTION 1 – WHAT IS VIRTUAL REALITY? 
 
In its most basic definition, virtual reality (VR) is any experience where the user is 

immersed in a virtual environment.3 The definition of virtual reality is broad and is able 

to be applied to a wide variety of technologies. During a lecture in 1965, Ivan Sutherland 

described that his vision for virtual reality was that it would allow the user to use a 

computer screen as a window into a virtual world. Furthermore, a computer would 

maintain a model environment in real time so the user could directly manipulate virtual 

objects. 3 The designer would be able to interact with the anatomic world by manipulating 

a design to function in its intended manner and adequately address the design criteria and 

purpose. In the essence that Sutherland explores, virtual reality for the purpose of medical 

device design would allow the user a window into the human body.  

 

It may be the case that when the general population thinks of virtual reality it is limited to 

science fiction applications. Though this may be a popular perception, the field of virtual 

reality has grown from Sutherland’s vision into a multi-faceted field. In 1999, Dr. 

Frederick Brooks, Kenan Professor of Computer Science at University of North Carolina 

at Chapel Hill, did an overall assessment of the field of VR. In short, he found that the 

verifiable production applications included vehicle simulation, vehicle design, 

entertainment, architectural design and spatial arrangement, training, medicine, and probe 

microscopy.3 Over the past 10 years since his assessment was performed, the field has 

continued to develop as obstacles have been overcome. Far beyond the realm of science 

fiction, virtual reality has now become a subject of research at most major universities 

across the world. 
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Classifying Virtual Reality 

The field of virtual reality can be divided into various classification systems. In his book 

Metaphysics of Virtual Reality, Michael Helm defined virtual reality in seven different 

categories: simulation, interaction, artificiality, immersion, telepresence, full-body 

immersion, and network communication.13 However, Dr. Brooks took a different 

approach and separated virtual reality by the technologies that are crucial to virtual 

reality. The four technologies were visual displays, graphics rendering systems, tracking 

systems, and database construction. He further defined four less critical sub-categories 

such as synthesized sound, display of forces using haptic feedback, devices such as 

gloves and joysticks, and interaction techniques.3 

 

Both classification systems of virtual reality help convey the range of topics to cover 

when researching virtual reality. Three main categories of virtual reality products were 

defined in order to focus the research to only those products and technologies that related 

to the development of a medical device design environment. The products were grouped 

as information viewing, virtual prototyping, or surgical simulation. The categories 

distinguish virtual reality technology based on the use and applications that are best 

suited to utilize in a medical device environment. 

 

The research into virtual reality technology was not meant to be completely 

comprehensive or a complete investigation of all VR areas, but to understand the virtual 

reality products and their uses as relating to the end user. Specifically, the area of interest, 
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as described, was focused on becoming familiar with technology that relates to 

visualization of anatomy and use in the design of medical devices. An explanation of 

technical challenges will be addressed only when it directly relates to the implementation 

of virtual reality technology into a virtual design environment (second component).  

 



SECTION 2 – VIRTUAL REALITY CATEGORIES 
 

 

Figure 2.1 Virtual Reality Component Categories 
 
The three categories that were focused on were information viewing, virtual prototyping, 

and surgical simulation. Information viewing is expanded to include gaming systems and 

television/monitor applications. Virtual prototyping includes collaborative design 

applications and systems used for assembly and design optimization. Surgical simulation 

is a category which has applications in the medical field both for surgical training and use 

during surgery. As with any system that has definite categories, there are certain 

applications that can fit into two categories. For example, in viewing results from a 

computation fluid dynamics (CFD) analysis of a particular burner, the system is 

displaying high volumes of information as well as allowing the user to understand how to 

design the burner more efficiently. In this case, the system would fit into the information 

viewing and virtual prototyping categories. The categories are further described below. 
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SECTION 3 – INFORMATION VIEWING 
 

A case could be made that all virtual reality products and technology fit into the 

information viewing category. One of the main benefits of virtual reality, whether it is 

fully immersive or simple 3-D stereo, is the enhanced visualization of information. The 

goal of any virtual reality application, gaming or scientific, would be to increase the user 

access to information through interaction and perception of displayed reality. Instead of 

representing three dimensional objects using two dimensional projection (television, 

computers, paper), virtual reality seeks to display the processed information in a three 

dimensional environment that simulates the world around us. In a sense, it is displaying 

data in a way that models and simulates the physical object from which it was taken. 

Even in the gaming world, data is displayed to create a realistic virtual world as well as 

model the interactions that are inputted by the individual player using a gaming 

controller.  

 

The information viewing category is used to distinguish products and technology that are 

solely designed to enhance the display of data. Virtual reality products in the information 

viewing category are distinguished from one another based on the level of immersion that 

the system provides to the user. For example, movies and television programs can be 

recorded in such a way that when the user wears “3-D glasses” the images seem as 

though they are coming out of the screen. Though this is a 3-D experience, the user is still 

aware of their surroundings and the level of immersion into the virtual environment is 

low. Whereas using a head-mounted display (HMD), the user is completely immersed 
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within the viewing environment. One researcher noted that it is important to distinguish 

when and how to use these sophisticated levels of immersive virtual reality for certain 

applications. In many ways VR can be beneficial, but sometimes it can impair or be 

distracting. Striking a balance is a key component when selecting what product to use for 

a particular application.14 

  

With information viewing products, the level of immersion extends from basic systems 

that use a projector to display a three-dimensional image, to six-sided rooms that use 

multiple projectors to immerse the user in a virtual environment.28 The range of products 

available extends from head-mounted displays (HMDs), surround projectors such as the 

CAVE (Cave Automatic Virtual Environment), panoramic projectors (PowerWall21), 

workbench projectors, and desktop displays.3 With all these systems, the common theme 

is that one or more projectors are used to produce stereoscopic images for information 

viewing. With each system, the user wears either active or passive stereo glasses to view 

the image. The one exception is with HMDs, in which the user is essentially wearing the 

virtual environment in which the images are projected.  

 

The sophistication of the virtual reality system depends on the level of immersion that is 

necessary to display the information adequately. For basic applications, a desktop display 

or back-projected screen may be sufficient, whereas for simulator type environments, a 

surround projector system is necessary. As described during a conference,4 90% of the 

time it is not necessary to have stereo (three-dimensional viewing) to adequately visualize 

information. It is not necessary for a user to be immersed when viewing a simple 
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computer aided design (CAD) drawing. However, to adequately understand the flow 

through a turbine, for example, an immersive stereo environment will aid in the user’s 

understanding of the situation.  

 

One example of a basic information viewing system was developed by collaboration 

between University of Illinois in Chicago (UIC) and the University of Minnesota. The 

system was developed as a turn-key system that could fit in a trunk. The system is called 

the GeoWall11 and uses a back projected (2 projectors) screen to present virtual 

geological models on the screen. The GeoWall is used as a classroom tool to enhance the 

visualization of geological and topographical information. Using GeoWall, students have 

been better able to understand topological relationships and geological features compared 

to using pictures and maps alone. 11  

 

The first system developed to use projectors and screens on a large scale was the CAVE 

(Cave Automatic Virtual Environment). By projecting stereoscopic images on three 

screens, the user is able to be immersed into a virtual world. The CAVE was first 

displayed at SIGGRAPH in 1992 by the University of Illinois in Chicago (UIC). Objects 

are able to be projected in stereo and the user is able to interact with the object. Using 

head tracking, the CAVE is able to immerse the user in a way that can give the 

impression that the user is walking in the environment or viewing all sides of an engine, 

just as they would in reality. Since its introduction, the CAVE has continued to progress 

virtual reality technology. Currently, a six-sided cave has been built at Iowa State 

University that fully encompasses and immerses the user. The CAVE has primarily been 
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used at research institutions. The application varies from viewing of complex proteins 

and molecules to viewing constellations.7  

 

The use of virtual reality for information viewing continues to change and develop as the 

desire to enhance the visualization of data increases. With improved computing power, 

development of more complex models, increased technology in gaming and television 

technology, and a desire to simulate the world around us, information viewing will 

continue be a main focus of virtual reality development.  
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SECTION 4 – VIRTUAL PROTOTYPING 
 

Virtual prototyping is the method of designing and testing prototyping using advanced 

analysis with a computational based system. The results can be displayed on a desktop 

computer, but advanced systems integrate a virtual environment. Dr. Mark Bryden, from 

the Virtual Reality Applications Center (VRAC) at Iowa State University, summarized 

the goal of virtual prototyping by saying, “The goal of virtual prototyping is engineering 

not visualization.”4 Though the output may be displayed using an information viewing 

system as described previously, it is not required.  

 

The current concept design process used by the majority of companies is to revise, test, 

revise, and test again until the design is completed. Though the final design may work, 

there is no way to know if it was the optimal design solution. Using virtual prototyping, 

the development process includes iterations done on a virtual model. The verification 

testing is completed first before the first physical prototype is constructed.  

 

The goal of virtual prototyping is to minimize the need for field verification. With field 

verification only, development deficiencies often show up late in the design cycle.  As 

shown in figure 2.2 below, the majority of prototypes built and tested occur during the 

latter stages of the development process. At this point, if a design fails the company must 

delay production and increase development time. Defects not caught, often lead to device 

recalls which cost companies millions of dollars in product cost and can hurt market 

reputation. The second graph in figure 2.2 shows the ideal design situation. Using virtual 



prototyping and testing, the majority of designs are iterated through and only the top 

performing design is made into a physical prototype. By reducing the number of physical 

prototypes built, the company is able to reduce the amount of time and money necessary 

to develop the product. Furthermore, virtual prototyping helps to reduce risk and simplify 

the overall design development cycle.  
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Figure 2.2 - (Left) Normal Development Cycle w/ Majority of Prototypes Occurring in Late Stage of 
Project. (Right) Using Virtual Prototyping the Majority of Designs are Eliminated Before First 
Prototype is Built4 

 

A specific example of a company that benefitted from virtual prototyping is John Deere. 

John Deere worked with the VRAC to develop a new blower for one of their tractors. 

They were able to reduce their design cycle by 12-18 months, reduce $100,000 in design 

costs, while optimizing the design through virtual testing and analysis.4, 28 

 

Dr. Bryden and his research team have been developing a sophisticated virtual 

prototyping program called VE Suite with the support of industrial partners. VE Suite 

integrates results and displays the results with visualization hardware. VE Suite allows 

the engineer to design from a systems approach and move back to component level, as 
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opposed to design on a component level and integrate into a systems approach. By 

linking analysis tools such as Matlab or ANSYS, VE Suite provides the user with 

information to make sound engineering decisions. The overall goal of Dr. Bryden and his 

team is to build tools that help enable users to create their own virtual environments to 

determine an optimal design and perform the analysis specific to their projects.4, 28     

 

A closing comment that Dr. Bryden made to our team during an interview with him while 

attending a virtual engineering workshop highlights the importance of virtual prototyping 

for the growth and development of the engineering field. Dr Bryden stated, “Virtual 

prototyping will be trivial in twenty years. It will be an industry standard and if 

companies aren’t doing it, they will disappear.”4 Even if Dr. Bryden is off in his 

prediction by a few years, it can be assured that the design process will be altered by the 

development of virtual prototyping, the integration of analysis with advanced 

visualization, and the continued technological development of virtual reality products.  

.  
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SECTION 5 – SURGICAL SIMULATION 
 

Surgical simulation is the third category from which to draw information and experience 

from in the field of virtual reality. Surgical simulation software and products seek to 

mimic real-world medical situations in order to better train the physician to perform a 

surgery or diagnose a patient. As one researcher said at the HIT lab at the University of 

Washington, an institutional leader in the development of surgical simulators, the dream 

of surgical simulation is to get specific patient data and have physicians use it to train or 

prepare before the surgery is performed.14 With surgical simulation, the emphasis is on 

skill development for improved surgical performance.  

 

Virtual surgery has been a main focus for the application of virtual reality due to its 

ability to allow the surgeon or student to train in a realistic setting. Several systems have 

been developed commercially in the area of endoscopic surgery (urology), suturing, and 

laparoscopic surgery.24 Furthermore, virtual surgery simulators are being developed for 

advanced robotic assisted surgery. 

 

A key component of a design system for medical devices will be a medical device 

interaction with the anatomic environment. One of the main barriers to the development 

of virtual reality surgical simulation is the modeling of anatomy. In a paper by 

Seymour27, he outlines challenges for the field of surgical simulation that directly relate 

to the development of a design system for medical devices. The five challenges are 

summarized below. 
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The first challenge is the coupling of surgical instruments with simulated tissue27. For 

medical device design, the same holds true. There will be challenges and barriers to 

integrating medical devices with the tissue in the simulated environment.  

 

The second challenge is the simulation of object/geometric instruments and physical 

modeling. This includes the use of FEA and CAD in a virtual environment. Limitations 

due to computer program interface and model development create barriers for combining 

a design environment with simulated dynamic properties of devices27. 

 

Simulation of interaction between objects (collision) is the third challenge27. One key 

aspect of designing a virtual environment will be the ability to create a virtual prototype 

of a device and simulate the function in an anatomic environment. Research is being 

performed by the University of Minnesota CREST group to develop collision models 

between objects and their surroundings, though much work is still necessary before 

realistic real-time interactions are able to be performed. Simulation of interactions 

between object is critical to allow the user to make changes to the model (device) based 

on geometric or material constraints. 

 

 A fourth challenge is the display of operative field and the simulated operating room27. 

In the case of medical device development, this would be the display of anatomy and the 

simulated conditions that pertain to the anatomy (blood flow, movement, etc.). 
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Though a lot of challenges still exist, it is clear that the development of advanced analysis 

software will continue to benefit the field of surgical simulation. And likewise, as 

progress is made in realism and modeling of tissue in the field of surgical simulation, the 

door will begin to open for advanced modeling of the human body for design.  
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SECTION 6 - SUMMARY 
 

When research began in the area of development of a virtual reality based medical device 

design environment, the understanding of the varied and fast progressing field of virtual 

reality was limited. Through researching information viewing systems, virtual 

prototyping programs and environments, and surgical simulation hardware and software, 

an understanding of the field and its associated limitations was gained. Using the research 

information, our team created the architecture of the ideal design environment, identified 

limitations to be overcome through grants and industry partnerships, and defined 

requirements for the design environment which is summarized in the next chapter.  
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Chapter 3  

 
VIRTUAL REALITY BASED MEDICAL DEVICE DESIGN ENVIRONMENT 
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SECTION 1 – OVERVIEW OF MEDICAL DEVICE INDUSTRY 
 
 
The purpose of this chapter is to describe the features, benefits, and limitations of a 

proposed virtual reality medical device design system. Before the proposed system is 

described, the chapter will describe the medical device industry and current design 

practices. Also, current virtual reality systems that are available will be overviewed. The 

chapter will also detail the current limitations that exist for the development of the 

desired system. Finally, a description of work performed toward the development of the 

proposed system will be presented.  

 

Medical Device Industry 

The medical device field is expanding, and with each advance brings new challenges and 

hurdles. Now more than ever, large companies are becoming more risk adverse in the 

face of more stringent FDA regulations and the increased risk of liability for device 

failure. Each year, there are examples of device recalls that damage company reputation, 

market share, and stock value. The courts have also been active in settling patent disputes 

which cost companies millions of dollars in fees and penalties. With the medical device 

giants trying to appease investors and the FDA, the smaller start-up companies are 

positioning themselves to be dynamic and efficient to fill voids and win market shares. 

Start-up companies must rely on investors to fund their development of new technology. 

The turnaround time must be accelerated as start-up companies are judged on progress 

and potential. Where large companies are cautious to make smart business decisions and 

limit risk of device failures, small companies are pushed to show fast growth. 
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Though large and small medical device companies face different challenges, they all 

must address the challenges that exist with bringing a successful and safe device to 

market. Large companies need tools to ensure patient safety and bolster device 

performance to meet the needs of large markets. Likewise, small companies need tools 

that will enable them to arrive at design decisions in an expedient manner. To be 

successful, they must produce results faster and cheaper than their large competitors that 

have immensely more resources and engineers.  

 

The development of a virtual medical device design system that allows the company to 

virtually test devices would improve device safety and help companies foresee potential 

design risks.  Also, the system may allow them to develop technology that specifically 

addresses patient needs and medical conditions. By using a design system to iterate 

through design options quickly, they could efficiently produce effective designs in a 

shorter amount of time. Furthermore, a virtual medical device system would help 

engineers become familiar with anatomic challenges that affect successful device 

function.  

 

As a final introductory note, in the June 2009 issue of Medical Device and Diagnostics 

Industry9 magazine, an article was written about technology that will lead the medical 

device field in the next 30 years. The following paragraph is taken from the article:  

Another development that is making headway is the combination of imaging 
advances and powerful 3-D virtualization techniques (thanks to chips and 
software spun off from the gaming industry) to create new ways of guiding 
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surgeons and interventionists to their quarry.  Such interfaces are in their infancy 
and will ultimately benefit from the power of 3-D immersive visualization 
techniques, perhaps combined with interesting new tactile feedback.9 

 

It is apparent that the combination of advanced visualization and virtual reality interfaces 

will not only lead the path of surgical simulation, but also of medical device 

development.  

 



SECTION 2 – DESIGN OVERVIEW 
 

Medical device development includes both mechanical design and regulatory control. For 

all companies, whether in established markets or new market exploration, time to market 

is a critical factor in the successful adoption of a new device. Figure 3.1 shows the 

medical device cycle as defined by FDA standards for a medical device design cycle.10 

 

 

Figure 3.1 Medical Device Design Cycle10 
 
The purpose of the development of a virtual reality medical device design system would 

be to improve the overall time to market for new medical products. A normal design 
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cycle consists of initial device/market research which identifies areas of need. Concept 

development begins through a process of concept generation and concept selection. At 

this point, prototypes are developed and tested for feasibility and performance. During 

testing, several factors are analyzed including fatigue, manufacturability, ability to adhere 

to product specifications, and analysis of component interaction and strength. Testing 

will lead to additional prototypes and the cycle will continue until an eventual “final” 

design is reached.  

 

It may be the case that testing will result in additional concept development. The design 

cycle is highly iterative and can be costly. Though a device is developed that meets all 

product performance specifications, it is not certain that the design is optimized. Figure 

3.2 shows a simplified version of the design cycle. 

 
Device/Market 
 
Research 
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Figure 3.2 – Basic Device Development Cycle 
 

For companies, prototypes can be costly especially when dealing with advanced materials 

and processing methods. Even when a device is completed, work is being performed on a 

next generation device to improve upon the characteristics of the current design. The goal 

of any product development cycle is to reduce the numbers of iterations necessary to 

complete the project while maximizing the performance of the device.  



 
Figure 3.3 – Late stage design changes lead to increased cost of development compared to early-stage 
design changes.  
 
As shown in the figure above and mentioned during the “virtual prototyping” section in 

chapter 2, the goal of prototyping is to catch design flaws early on. With current 

techniques, as shown in figure 3.3, a large percentage of the design iterations and 

detection of defects can occur in the late stage of the project. The later in the 

development cycle that a change is made, the more expensive it is to the company. 

Considering that a large barrier to medical device development is the overall cost,9 

reducing the number of design iterations as well as identifying design flaws early in the 

design cycle is beneficial to the successful and affordable development of the project. 

Using a virtual reality based design platform that incorporates virtual prototyping and 

advanced design aides will help companies accomplish this goal.  

 

During the development of a device, companies seek to test out designs using adequate 

bench top models. After ample testing has been performed on the bench, or if additional 

testing is desired for a particular feature that cannot be tested on the bench, the company 

may use an animal model to further development. Using animal models is expensive, and 

companies seek to limit the number of animal models necessary to develop the product.  
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After the design is verified, the company enters the pre-clinical and clinical phase of the 

project. The clinical phase of the project can be paperwork intensive in order to address 

all the regulatory standards and requirements. If a product fails during the preclinical or 

clinical phase of the development cycle, it is not only costly to the company, but it can 

signal an end to the product, and in some cases damage the reputation of the company. 

The risk of failing during a clinical or preclinical trial in the form of monetary expense, 

company reputation, and patient harm, underscores the need for robust and extensive 

development methods that help prevent failures. Though engineers use a variety of tools 

at their disposal, new analysis techniques and design aids are necessary to continue to 

develop and advance the field of medical devices.  
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SECTION 3 – PRIOR ART 
 

The original idea for the design of a VR design environment was to combine the benefits 

of advanced VR systems already developed. The PowerWall21, Immersive Touch16, 

Immersa Desk15, and CAVE28 systems were the four systems identified and researched. 

The characteristic of each that could be utilized for a design system is summarized below.  

 Immersive Touch – Haptic desktop surgical simulation with collocated immersive 

objects16 

 ImmersaDesk - Immersive desktop design environment15 

 PowerWall - Conference room presentation and collaborative design review21 

 CAVE - Extreme visualization and user interaction through tracking devices28 

 

The Immersive Touch system was developed at the University of Illinois in Chicago. The 

Immersive Touch combines haptic feedback with collocated object in a VR environment 

to allow the user to feel as though they are holding an object while performing 

operations. The initial design incorporated a dental training program as well as a 

simulated brain surgery.16 During a trip to UIC, we were able to view the system. 

Overall, the system was impressive and the haptic response benefitted from being 

collocated. It was our experience that earlier use with haptic devices provided feedback, 

but the effect was limited and the realism was poor. The collocated objects in the 

Immersive Touch system made it seem as though the user was actually touching the 

object.  



 
Figure 3.4 – Immersive touch combines collocation and haptic feedback to provide a realistic surgical 
simulation of procedures 
 

Understanding the benefit and drawbacks of haptic feedback is critical when determining 

whether to incorporate it into a design system. With the Immersive Touch, it is beneficial 

to have haptic feedback for surgical simulation and training. Though in a design setting, 

the haptic response would become tiring and not benefit the user. A possible use of haptic 

feedback would be during virtual prototype testing, though it is not critical to provide the 

results. For simulated operational use of the device, feedback would be critical as it 

would replicate bench top testing that occurs with the development phase of design 

projects.  

 

The second system that was researched was the Immersa Desk system, also from UIC. 

We were unable to view the Immersa Desk system, but it is as close to a design system as 

was found. Information gathered from the website7 depicted a VR environment that 

resembled a drawing table with either HMD or stereo glasses. There is definite potential 

in utilizing the hardware system for design purposes.  
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Figure 3.5 –ImmersaDesk 
 
The final two systems, CAVE and PowerWall, were mentioned previously. The CAVE 

allows the user advanced visualization while interacting with the virtual prototype. The 

CAVE has been implemented in the development of automobile prototypes by GM and 

development of advanced airplane engines by Boeing. Researchers have been able to use 

CAVE-like environments to explore vast constellations and microscopic proteins.28  

 

Likewise, the PowerWall has allowed for large scale visualization for conference rooms 

and design meetings. Collaboration and design review sessions are made interactive with 

the PowerWall. Both these systems are large scale and too complex for use with a 

desktop design system, but capitalizing on the design review capabilities and advanced 

visualization is critical for the ideal design environment.  
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Figure 3.6 – (Left) Visualization of anatomic data sets using a CAVE (University of Minnesota 
Supercomputing Institute). (Right) Visualization of complex structure using a PowerWall21 



32 

 

Though each system is impressive and is advanced in its abilities, each system has a 

drawback that does not make it adequate to use for the development of a medical device 

design system. The major drawback for each system is the overall cost. The Immersive 

Touch costs in excess of $100,00016 and CAVE-like systems can be even more 

expensive. Furthermore, the goal of the CAVE and PowerWall is for large-scale 

visualization. It would be taxing and overkill to design on these systems each day. The 

Immersive Touch provides interaction with anatomic models, but the primary purpose 

and function is surgical skill development. Furthermore, the Immersive Touch does not 

have the ability to allow the user to design or test devices and equipment.  

 

The Immersa Desk, as stated, was the closest system to the desired design environment. 

The drawback of the ImmersaDesk was that it mainly allowed for the design and 

visualization of design in an immersive environment, but did not provide the ability to 

view anatomic environments or incorporate detailed analysis. The group at UIC lists a 

basic system on their website7 that can be built. It may be the case that for the first 

generation systems an Immersa Desk like system is incorporated into the design, but only 

as a single piece of a larger design system.  
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SECTION 4 – DESIGN REQUIREMENTS 
 

Our University of Minnesota team developed a list of characteristics and requirements 

that the virtual design environment would have to have in order to be successfully 

adopted by the medical device community. Because the goal was to develop a system 

specific to the medical device community, the requirements must be defined in relation to 

the medical device field and not the entire virtual reality field. It was not the intention 

that the system would compete with previously designed systems, but would be a unique 

and novel entity to fill a void that was present within the medical device community, 

mainly an advanced visualization system that combined design, visualization and 

interaction with anatomic structures, and analysis. The requirements are described in 

brief below: 

1. The system must be portable. If the system is not able to be portable, then it must 

be able to be integrated into an office setting without requiring additional work 

space or its own room. 

2. The system must be user-friendly so the user does not have to be an expert in FEA 

or modeling to use the analysis tools effectively.  

3. The system must provide the user with the ability to display information and 

analytical results in a meaningful manner. The display must be simple so as not to 

be cluttered or confusing to the user, but complex enough to adequately represent 

the level of detail necessary to full display the data. For example, a complex fluid 

dynamics result should be viewed on a small 2-D screen, but it is not necessary 
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for it to be projected across an entire wall. An immersive large screen monitor 

would be adequate as long as the user is able to interact with the data. 

4. The use of haptics should only be used when absolutely necessary to enhance the 

design experience. There is a potential for haptics to not provide adequate 

feedback and be more distracting than beneficial.  

5. The system must include advanced analysis software that is efficiently linked to 

the CAD design to allow the engineer to optimize the design. The level of 

complexity must be sufficient to produce accurate results, but not so advanced to 

make analysis time lengthy and inefficient.  

6. The design environment would need to allow the user the ability to change the 

CAD model based on the results derived from the analysis. Any changes made in 

the analysis software to optimize the medical device design must be able to be 

transferred directly back to the CAD model. 

7. The design environment must be intuitive. Current CAD software is easy to learn 

and engineers are able to efficiently design models. If the design environment is 

less intuitive than the CAD environment, the adoption will be slow.  

8. The cost must not outweigh the benefits. The adoption of the CAVE was slow and 

has only been utilized in select cases by major universities. One of the largest 

barriers to virtual reality adoption is the high cost for the systems.  

9. Comfortable design environment. Engineers often design at desktop computers 

for several hours at a time. The user interface and input devices must allow for 

this without user fatigue. As Dr. Jason Leigh at UIC described18, one large 
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drawback of the CAVE is that the user interface is often a wand. After 8-10 

minutes, the user will experience “gorilla arm” and fatigue will set in.  

10. Most engineers do not want to design in an immersive environment. The system 

must have the ability to toggle between an immersive environment for use with 

simulation and anatomic exploration or interaction, and a basic design desktop. 

For the purpose of design, the use of a 2-D flat surface is rather beneficial and 

intuitive. 

11. The level of immersion must be adequate to allow the engineer the ability to 

visualize analytic results and interaction between the device and the anatomy.  

 

Based on the list of requirements, system architecture was created. Section 5 provides a 

description of the design environment.  
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SECTION 5 – SYSTEM ARCHITECTURE 
 

The primary objective of the system is a novel integration of Computer Aided Design 

(CAD) software with 3-D anatomical and surgical modeling programs into a single 

software virtual reality (VR) environment. The CAD model would interact directly with 

computer simulated anatomical environment allowing the user to select the optimal 

design(s) for a given medical application. Designers could test the performance of the 

device and make specific adjustments to the device characteristics (i.e. geometry and 

material properties) based on the reaction of the device with this environment. Overall, a 

wider set of device parameters would be evaluated more quickly and at less cost prior to 

manufacturing and testing prototypes on biological systems.  

 

Furthermore, the visualization component of the virtual reality system would allow users 

to do research, gain information, and view anatomical structures while designing the 

medical device in the CAD system. The user would be able to walk-through the anatomy 

in a virtual reality environment to define the design constraints associated with the 

anatomy specific to the device.  

 

In an attempt to create a schematic that helped depict how all the individual components 

integrated into a single system, our team developed the diagram show below in Figure 

3.7. 
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Figure 3.7 – Virtual reality medical device design system schematic 
 

An explanation of the system flow is characterized below for the key aspects of the 

system: The ability to merge CAD and anatomic models, the utilization of a virtual 

environment for design, the interaction of the device and surroundings using analytical 

tools, the ability to change designs features based on the results, and finally the ability to 

export those changes back to the original device design. The last portion of this section 

will describe system configuration options.  

 

Merge  

The user would first design a device in a CAD package. For the purpose of this 

explanation, the MSC ADAMS software will be referenced. The team formed a 
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partnership with MSC that allowed access to the ADAMS software. Based on this 

partnership, the primary design platform for the system would be the ADAMS software 

suite.  

 Concepts 
3-D CT ADAMS 

 Software MRI CAD 

Design 

Virtual 
Prototype 
Testing

 

Figure 3.8 – Modified design cycle. CT, CAD, and 3D software are used to create device designs that 
are virtually prototyped and tested 
 

After the device has been created in ADAMS, the desired anatomic region for the device 

is selected. By using a software package such as the Mimics® software package by 

Materialise19 (used by our team for creation of anatomic models), the user can create 3-D 

models of the desired anatomic region using CT data. Mimics® allows the user to select 

desired anatomic regions by segmenting the CT data. Once the region is selected, a 3-D 

solid model of the region is created and can be converted to several exporting file types 

(STL, VRML, etc.).  

 

Both Mimics and CAD programs allow the user to export the final product. The goal is to 

export both the device and the anatomic region into a single virtual environment. Though 

CAD is a great tool to create 3-D models of devices, it does not handle large data sets that 
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often associated with 3-D anatomic models. Likewise, Mimics is great at creating 

complex 3-D models, but is limited in its ability to import even simple parts and have the 

two interact together. By merging the technologies in a virtual environment, the benefits 

of both technologies are maximized without the associated limitations.  
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Figure 3.9 – Advanced analysis and tissue models provide basis for robust virtual prototype analysis 
 
During the interaction between the CAD model and the anatomic environment, it will be 

necessary to have an efficient link to analysis software to allow for virtual testing of the 

prototype. As stated in chapter two, virtual prototyping of designs by modeling the device 

interaction with anatomic structures, a company will identify design defects early in the 

design process. VE Suite28 would work as a preliminary virtual prototyping software 

platform. VE Suite28 gives the user the ability to link the design with analysis software.  

 

Before FEA and CFD can be performed, tissue testing will have to be completed to 

define the appropriate anatomical properties. Furthermore, the device component material 

properties will have to be defined and inputted into FEA software. Both of these pose 

large technical challenges.  
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Medical device companies continue to use advanced materials to minimize size while 

maximizing performance. Materials such as nitinol and complex composites are difficult 

to model accurately. Furthermore, modeling tissue, which is often anisotropic, is also 

difficult. Though both present challenges, both are the subject of a large number of 

research projects and papers at major universities.   

 

Virtual Environment 

As specified, the virtual environment allows the merging of technologies by importing 

files from the CAD and anatomic modeling environments. It is likely that a newly created 

software program will be needed, but it may be found that an existing software package 

has the desired characteristics necessary to meet the demands of the desired system. 

Because a specific package is not known, the platform that will be used for importing the 

data will be referred to as “virtual environment” or VE; therefore, any section that 

references a “virtual environment” or VE will be referring to the software platform that 

allows the user to combine the CAD and anatomical modeling technologies. 
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Figure 3.10 – Virtual Environment Components 
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The main requirement of the VE is that it must be able to display the device and anatomic 

data in a VR environment. If commercial software is not purchased, creating software 

that allows the parts to be viewed in a VE will need to be developed with the help of 

MSI. The partnership with the Minnesota Super Computing Institute (MSI)20 is an 

important resource due to their depth and breadth of knowledge and experience in the 

area of VE. Virtual reality environments allow for better visualization of complex data 

sets. The human body is such a complex system with complex interaction of material 

properties. Design and visualization anatomical environments or device interactions puts 

the use of a medical device design system into the 10% (as stated previously) of analysis 

that benefits from being displayed in a virtual environment. With anatomic data and 

device integration, the VE will enable the user to interact with and view the data in ways 

that are not possible with traditional 2-D viewing applications. The VE will provide a 

major advancement for a medical device designer that is not currently possible today. 

 

The next requirement is that the VE recognize all the defined characteristics of the CAD 

model. Often, devices are composed of multiple components that have been mated 

together. Each component has its individual features that are necessary for integration 

into the entire design. For the device, any component or mating part that exists must be 

defined in the same way instead of as a single object. If it is seen as a single object, then 

the part will be treated as a single piece and any desired changes cannot be made to the 

specific component.  
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The VE must not just bring devices and anatomic structures together, it must also allow 

for efficient user input and interaction. If the VE is just a simulation environment, the 

desire to make changes and manipulate the device or anatomic model will not be 

possible. The VE must allow the user the ability to make changes based on the interaction 

between the device and the anatomy. Furthermore, the user needs to be able to explore 

the anatomic region by zooming, rotating, or performing a fly-through of the anatomy. 

The reason both the device and anatomic region are combined is so the user can watch 

and control the interaction of the device with the anatomy. The user will be able to 

simulate the device (and its function) within the anatomy and make changes in one or 

more parameters to optimize that design. Without an efficient user-interface to the VR 

environment, none of this is possible. 

 

Visualization System 

An original design idea was to allow the user to be able to switch between a VR mode 

and a normal desktop design mode. The Immersa Desk hardware specification received 

during the visit to UIC7 could be tailored to accomplish the goal. Additional hardware 

could be designed to help during virtual prototype testing. A multi-tiled high resolution 

screen could be used to allow for the switching between stereo applications and 2-D high 

resolution lay-outs. On occasion it may be desirable to have the 2-D screen be side-by-

side with an immersive anatomical environment. During design of a device, the engineer 

could switch between the two screens to increase efficiency.  The set-up could be 

designed as a 2-panel CAVE-like desktop system. By reducing the CAVE to a desktop 

platform, the design system can be integrated easily into an office environment.  



 

Figure 3.11 – Desktop VR design studio that links design, analysis, VR, and user interfaces 
 

Integration of medical instruments or tools would enhance the simulated use of the 

medical device designed. An initial design was to create an interchangeable box that 

would replicate catheter loading, scissors or other medical device accessories. Force 

feedback could be designed for the box to give the designer a realistic feel to the 

procedure. One example of a medical device that could be simulated would be a catheter. 

A circular tube could be inserted in the box and as the user advanced the catheter, the box 

would provide frictional feedback to simulate the body environment. The circular 

catheter would be a continuous loop which could be adapted for a variety of functions. A 

final note should be added that when determining whether haptic tools are necessary, it 

must be kept in mind that the final purpose is a design system and not a simulation or 

training device. Though simulation is a part of the design, it should not be a governing 

factor when determining the design system.  
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Interact 

A key part of this project is the interaction between the device and the anatomic models. 

Interaction between models has been the topic of research by multiple researchers in the 

form of collision detection, haptic feedback models, or surgical simulation, and it is 

important to note that this thesis is not focused on developing new theory within this area, 

but rather to draw on developed technology to create a conceptual system for medical 

device design.  
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Figure 3.12 – Visualization system and user interface provide intuitive and user-friendly features for 
design system 
 

Within the VE, various levels of interaction will be developed as the system complexity 

increases. At the most basic level, the device will conform to the geometric structure of 

the anatomy. Thus the objective will be purely a geometric basis for device design. The 

anatomy will service as a set shape for the device to conform to or navigate within (in the 

case of a catheter, through vessels).  
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As the level of interaction increases, tissue properties and defined material properties of 

devices will be included. Instead of being a simple geometric interaction, the interaction 

will progress more towards a realistic simulation based on physical models. The dynamic 

models will account for multiple factors and provide the user with feedback about the 

device. Advanced analysis will be possible allowing the user to account for tissue damage 

or the ability of the device to function properly under a variety of circumstances or 

anatomic models.  

 

Changes 

Based on the interaction between the device and the anatomical structure, the user may 

desire to make changes to the device; a device component may need to be lengthened or 

the mechanical properties of a certain component may need to be altered. As mentioned 

earlier, this is the reason that the VE must preserve the individual features of the device. 

Any changes that are normally made within the CAD software must also be able to be 

performed in the VE and give the user the same tools that are available in traditional 

software.  

 

Many research groups are working with CAD and VR, but very few are uniting them; 

those that are, use them for virtual prototyping, surgical simulation, and other fields such 

as geography, architecture, and construction. Geometries are generated in CAD software, 

and then imported to VR software for visualization. To the best of our knowledge, no 

system exists that will allow the user to make changes in the VR environment to the CAD 

model and move freely back and forth between the CAD and VR environment.  



Export 

Once the changes are made within the VE, it is a key aspect of the system that the 

changes then be exported back to the CAD environment. As described in the background 

section, this is not a trivial matter. This link will provide the user the ability to constantly 

update the model in real-time as user feedback or computational analysis is received from 

the interaction of the device with the anatomic structure. As the user makes changes 

based on the interaction, the changes would then be exported back to the CAD 

environment. The changes could then be saved for future design changes or be used for 

FEA or CFD analyses. 
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Figure 3.13 – Result feedback loop. Results from virtual environment are inputted back into CAD 
model and analysis. 
 

The purpose of the VE, as described previously, is to merge the technology for the 

purpose of interaction and analysis. The VE is not meant to take the place of the CAD 

packages that have advanced features. Engineers are very accustomed to designing within 

the CAD environment and the CAD environment has several features that our team was 

not interested in duplicating. By exporting the changes back to the CAD software, the 
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user does not have to try and duplicate any desired changes that were made within the 

VE. For example, the user would be able to customize the device to fit the anatomy and 

those specifications will be updated on the original model. This would save time, create a 

smooth design process, and keep the user from losing the precise, customized nature of 

the changes that may have been made.  

 

Though there are a lot of components to the entire virtual reality design system and there 

are many options for each component, the final desired outcome and emphasis will 

always be an optimized medical device. An optimized design will not only mean faster 

time to market with reduced cost, it will ultimately mean the design of devices that are 

safer and more effective to address the needs of patients. 

 



SECTION 6 – WORK PERFORMED 
 

Through the partnership with St. Jude Medical, patient computer tomography (CT) data 

sets were imported into Mimics19 software to create 3-D volume models that were 

exported to a virtual reality environment. CT scans allow for the creation of desired 

anatomic structures. CT heart scans were processed for creation of a 3-D volume heart 

model. 

 

 

Figure 3.14 – CT scans are used to define and segment desired anatomic region 
 

The CT data was compiled and formatted using Mimics software19. Mimics allows users 

the ability to segment the desired anatomic data through mask creation, region growing, 

and 3-D out-of-plane sectioning tools. Once the data is segmented, Mimics creates 3-D 

models that can be exported and analyzed using VR, CAD, or an FEA analysis module. 

Once the 3-D anatomic models were created, the goal was to use virtual reality and bench 

top models to enhance visualization for the purpose of medical device design. 
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Figure 3.15 – Volumetric models are created from CT scans using Mimics software by MaterialiseTM 

 
A virtual 3-D model and a fly-through of the VR model was created using Ensite8 

software. Through the partnership with the Minnesota Supercomputing Institute (MSI), 

the group has access to all of the MSI software programs, lab space, and 3-D 

visualization equipment. Our team worked with Nancy Rowe of MSI, to import our 

models into the MSI visualization laboratory. 

 

Viewing anatomy in an immersive environment helped to improve the understanding of 

anatomic structures in the heart. Informally, groups were shown the cardiac fly-through 

model in virtual reality or a 2-D rendering. The feedback was that the fly-through using 

virtual reality helped to distinguish cardiac structures as well as give a sense of 

relationships between structures based on depth and orientation. 

 

Figure 3.16 – Anatomic models from Mimics are imported and viewed in virtual environment. 
(Right)  Eric Jerke and Nathan Handel viewing virtual reality skeleton model created from CT scans. 
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SECTION 7 – DESIGN CHALLENGES AND LIMITATIONS 
 

The proposed design system in section five is a massive technical undertaking. One 

strategy to the development of such a system is to focus on individual components of the 

overall design while allowing outside research advances to address other obstacles. 

Instead of developing every component, the most efficient strategy would be to combine 

existing technology. An area which our team researched and formed partnerships to 

address is the importing of changes from analysis software back to a CAD design.  

 

Currently, CAD is one-way. Designs can be exported, but any geometric or boundary 

condition changes made during analysis are not able to export back to the CAD program. 

During the virtual engineering conference, several companies expressed interest in being 

able to directly change CAD drawing during testing, creating a two-way street of 

communication4. The major problem is that there are no CAD packages that are open 

source software to allow development. The user is able to get the model from CAD, but 

cannot change the CAD model from an outside system by integrating the code into the 

program.  

 

Additional problems with converting CAD models to VR models are outlined below. 

These problems include: inadequate treatment of geometry, inability to handle complex 

models, lack of realism, and one-way conversion.23 These problems require one to 

perform extensive manual steps to adequately convert their CAD model into a VR model.  
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Inadequate Treatment of Geometry 

CAD companies define their 3-D solids by using a variety of proprietary geometric 

mathematical representations, where boundary surface forms include planes, Non-

Uniform Rational B-Spline (NURBS) surfaces, Bezier surfaces, Coons-type patches, and 

conics.1 Typically there is a geometry manipulation routine within the CAD software that 

will blend, trim, or interpolate. However, VR software companies typically only support 

one mathematical surface representation. These surfaces are approximated by triangular 

meshes because a triangular surface element is the simplest and lowest common 

denominator of all the surface elements. This is similar to the output found from rapid 

prototyping files such as STL.  

 

The translation process from a CAD file into the VR environment can be done by 

exporting files such as STL, VRML, IGES, STEP, etc. Then these forms are imported 

into the VR software where they ultimately switch to the lowest denominator prior to 

rendering. One VR software package, Ensight (CEI), has created CAD readers that will 

allow one to import the files directly, but unfortunately it still converts to the triangular 

mesh prior to rendering.  

 

In order to export the CAD solid model into a VR environment, the CAD solid model is 

divided into polygonal meshes that can result in hundreds or even thousands of polygons 

per original solid model. Complex solid models result in large data sets that are difficult 

to export and require a lot of computing power. Often, in order to export the data 

efficiently, the mesh size must be reduced which can compromise the ability to preserve 



52 

the original geometry of the model. Often errors occur during the creation of the 

polygonal mesh because a curved surface is now represented by overlapping triangulated 

surfaces. 

 

Low Performance 

When very complex models are brought into the VR environment, the frame rates 

achieved can be unsatisfactory. As previously mentioned, the tessellating process usually 

adds unneeded model complexity by representing a single solid model as hundreds or 

thousands of polygonal meshes 2,6.  

 

Lack of Realism 

As already mentioned, it is not necessary to add material or texture information in the 

CAD process. This information is, however, significant to develop a realistic VR 

visualization6.   

 

One Way Conversion 

The ability to modify geometric models in VR is now restricted to polygonal objects and 

access to certain parameter controls inside the CAD program that will react to the user’s 

changes made in the virtual environment2,6,25.   

 

Our team was not able to solve the one-way conversion problem, but a grant was written 

in partnership with MSC to address the issue. MSC is the developer of the ADAMS 

software package which includes a CAD program as well as analysis packages. MSC 
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agreed to allow our team access to the code to begin work importing changes from 

analysis to the CAD model. The transfer from VR to CAD is the subject of ongoing 

research and is outside the scope of this thesis. 
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Chapter 4  

 
PATENT FORAMEN OVALES - ANATOMY AND LITERATURE 



55 

SECTION 1 - OVERVIEW 
 

The creation of virtual models using the CT data provided by St. Jude Medical motivated 

further research into the development of a classification system for patent foramen ovales 

(PFOs). St. Jude Medical desired to create a classification system that would document 

the prevalence and range of PFO morphology. The goal was to use the classification 

system to develop bench top models for testing of next generation devices with the 

eventual goal of creating virtual models for prototyping.  

 

St. Jude sponsored the classification research presented in the remainder of this paper. 

Eric Jerke also worked with St. Jude Medical. After our initial work and research of 

virtual reality together, we were sponsored for individual tasks. Eric was focused on 

developing the bench top models from CT data. 

 

The PFO classification system research was done in collaboration with Helen Ko and Dr. 

Robert Sommer. Both are experts in their fields with Helen Ko (referred to as HK in the 

study) being an expert in the field of echocardiography and Dr. Sommer is an advisor to 

several PFO closure device companies and industry expert in PFO closure.   

 

The classification system provides an in-depth look at the factors that affect function, 

selection, and sizing of PFOs devices. Next generation PFO device development is 

hindered without understanding the PFO anatomy and what aspects affect device 

function.  



SECTION 2 – PATENT FORAMEN OVALE 
 

A patent foramen ovale (PFO) is a tunnel-like communication between the right and left 

atria in the heart formed by the incomplete fusion of the embryonic septum primum and 

septum secundum.69 During fetal development, the single atrium divides into right and 

left sides by formation of the septum primum and septum secundum.51 The separation of 

the septum primum and septum secundum forms the patent foramen ovale. The PFO 

allows oxygenated blood flow to bypass the non-functioning lungs of the fetus and flow 

from the right to left atrium.48 Upon the first breath of the infant, increased left atrial 

pressure forms a gradient between the left atrium and right atrium causing the primum to 

close against the secundum. Fusion of the septum normally occurs within in the first two 

years of life, though in approximately 25% of the population, the fusion is incomplete. 

An incomplete fusion leads to a “tunnel” with a slit-like opening having the potential to 

act as a conduit for paradoxical emboli to cross from the right to left atrium.54 

 

Figure 4.1 – PFO anatomy from Sweeney et. al82 (Left) Right atrium showing fossa ovalis, secundum, 
and right atrial opening. (Right) Left atrium showing curvilinear tunnel length, left atrial opening, 
and fenestrations 
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A PFO is formed by an overlap of the septum secundum and septum primum. The septum 

secundum is thick and muscular whereas the septum primum is thin, compliant, and 

mobile.69 The location of the PFO in the right atrium is directly adjacent to the triangle of 

Koch, which is formed by the anterior margin of the coronary sinus, the tricuspid 

annulus, and the Tendon of Tedaro. The location is in-line with the IVC, as blood flowing 

from the IVC during fetal development would be directed across the PFO. The left atrial 

opening of the PFO is superior to the PFO opening in the right atrium and lies adjacent to 

the aortic cusps. The left atrial opening is a crescentic arch.82 The image in Figure 4.2 

highlights the difference in thickness of the septum secundum and septum primum. The 

thick ridge of the septum secundum forms the border of the fossa ovalis and is often 

referred to in literature as the limbic rim. Additionally, the tunnel is a curvilinear shape 

and the opening in the left and right side of the atria do not lie in the same plane.41 
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Figure 4.2 – Cadaver specimens. (Left) Right atrial PFO opening (Right) Left atrial PFO opening 

Septum Secundum 

Septum Primum 

 

Variations in Anatomy  

The PFO morphology is complex and variations occur with several features including the 

interatrial septum, the opening of the PFO, the degree of mobility of the septum primum, 

and the length of the tunnel.69 When there is excessive excursion of the septum primum 
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into the left or right atrium, the primum is referred to as being hypermobile and is 

designated as an atrial septal aneurysm (ASA). Also, when multiple PFO openings exist 

in the left atrium, the PFO is designated as having fenestrations.  

 

Risk Factors 

Studies have linked the presence of a PFO with increased risk of early-age stroke in 

patients. Along with increased risk of stroke, PFOs have been implicated in 

decompression illness in divers and high-altitude pilots, Platypnea-orthodeoxia syndrome 

(shortness of breath and fainting due to deoxygenation), and recent studies have tried to 

link it to recurrent migraine headaches.43 Interventional cardiologists use a variety of 

devices (Figure 4.3) for transcatheter closure of PFO in patients who have had a 

cryptogenic stroke or transient ischemic attack (TIA). The majority of devices currently 

on the market in Europe or in clinical trials in the United States use a central connection 

to provide tension between two discs that are positioned on either side of the PFO. The 

discs hold the septum primum against the septum secundum blocking the passageway 

until endothelization can occur. Currently, there are several next generation devices that 

explore other methods of closure.64,77 Initial attempts to accommodate the unique 

anatomy of the PFO yielded devices composed of a pair of offset discs set apart by a 

relatively long central section. This section theoretically allowed for the length and 

angulation of the PFO tunnel. However, this long central section increased bulkiness of 

the device. 



 

 

 

 

 

Figure 4.3 –Transcatheter closure devices67 
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SECTION 3 – ANATOMIC STRUCTURES THAT AFFECT DEVICE 
PERFORMANCE  

 
When designing a transcatheter closure device, it is important to consider both the ability 

of the device to provide adequate closure of the PFO and the ultimate position of the 

device. In order for the device to both function correctly and remain in optimal position, 

it is critical to understand the anatomic structures that will affect and interact with the 

device.  Not only is it important to understand the average anatomic structures that affect 

PFO closure, but perhaps it is more important to take into account the variations in atrial 

septal and PFO morphology for the design of the device by the engineer and for adequate 

device selection and sizing by the surgeon.  It is not just the variations in the anatomy 

that can present challenges, but the dynamic nature of the PFO also affects device 

placement and the overall procedural outcome.

 

Procedural complications due to either device failure, improper device placement, or 

improper device sizing and selection include pericardial effusions, vascular injury, 

erosion of the device through the roof of the atrium or aortic wall, thrombosis, atrial 

arrhythmias, and embolization of the device.  Major complications such as death or 

major hemorrhage occur in approximately 1.5% of cases, and minor complications 

resulting from atrial arrhythmias, device fracture, thrombosis, etc. occur in 7.9%.  In 

many of the reported cases, the complications resulted due to the device’s inability to 

overcome a variation in the anatomy, improper device selection for the given patient 

anatomy, or improper device sizing. Aspects of the PFO anatomy that can have an 

adverse affect on the PFO procedure are described below.  
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ASA 

An atrial septal aneurysm (ASA) is characterized by a large excursion of the septum 

primum into either the left or right atrium. The presence of an ASA has been identified as 

an important risk factor of paradoxical embolism.67 Though, in general, it has been shown 

that the presence of an ASA does not increase the risk of device complications, an ASA 

does need to be considered when selecting the appropriate device and device size.69 The 

device size must be increased to accommodate the hypermobility of the septum 

primum.59 

 

Secundum Thickness 

The septum secundum has a thick, muscular rim on which the right side of the device 

anchors. If the radial strength of a device is not adequate, a device is not able to hold the 

septum primum against the septum secundum. The required radial strength is increased in 

the case of a patient with a thick septum secundum. When a device fails to fully grasp the 

thick secundum, it has the potential to be pulled into the tunnel or only anchor to the 

primum.44 As stated earlier, though the openings into the left and right atrium are not co-

planar, most rigid devices reorient the PFO so the openings are co-planar. In the case of a 

thickened secundum, devices have a greater difficulty repositioning the anatomy and the 

discs are oriented off-axis, which in extreme cases can lead to device failure.69 

 

Long Tunnel 

The PFO is formed by the overlap of the septum secundum and septum primum, which 

results in a tunnel-like overlap that is curvilinear. A long tunnel has been well 



62 

documented as a challenge to devices with a rigid waist connection.80 There is potential 

for devices to deploy poorly in long tunnels, especially devices with umbrella like discs. 

In a long tunnel, the umbrella is not able to fully deploy on the left side of the PFO 

causing the disc to remain lodged in the PFO tunnel.46 This can lead to device migration 

and ultimately embolization.67 If a device is left partially deployed in the tunnel, the 

device may prop open the tunnel, increasing the shunt, and require explantation.41,46 Of 

particular concern to physicians is PFOs that have long, non-compliant tunnels, which is 

discussed below.  

 

Compliance 

The septum primum is thin and mobile, and in many cases is displaced by a sizing 

balloon or device. Placement of a device, in many cases, results in a complete resolution 

of the overlap. The compliance of the septum primum can be observed either during 

balloon sizing or while a guidewire is across the PFO during the procedure.64 In cases 

where a compliant primum is present, the waist of the device will push the primum 

posterior-inferiorly, while being supported by the muscular septum secundum.57 The 

complete resolution of the tunnel can lead to residual shunting and requires 

endotheliazation before complete closure of the PFO is achieved.57 

 

Aortic Rim 

The PFO is bordered by the non-coronary cusp of the aorta with the septum secundum 

forming a portion of the aortic rim. In the left atrium, the opening of the PFO is along the 

anterior wall. The close proximity of these two structures cannot be overemphasized and 
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complications resulting from the erosion of either by the device have led to patient 

deaths.57 Not only are devices with stiff spokes or arms at risk for perforating the aortic 

wall, but catheters passing obliquely through the left atrial opening have the potential to 

perforate the left atrial wall.57 In the guidelines for device sizing by AGA Medical, the 

length of the aortic rim (the distance from the PFO opening to the interior wall of the 

aorta) is one of the two criteria. If the distance does not exceed 9mm, the Amplatzer 

closure device is not able to be used. Also, a deficient aortic rim does not allow the right-

sided disc to fully seat, and it has the potential to migrate. 

 

Left Atrial Opening 

The left atrial opening is a key anatomic feature for the proper sizing of a device. A 

standard is that the left atrial disc must exceed the opening size by two times to provide 

adequate coverage. If a device is not adequately sized, a residual shunt may occur. The 

left atrial opening may in fact have two or more openings. These additional openings that 

allow communication are referred to as fenestrations. Fenestrations that are not covered 

by the device allow some blood to flow, which creates a right to left shunt that can 

prevent the device from obtaining complete endotheliazation.44As mentioned, the left 

atrial opening does not lie co-planar to the right atrial opening. In some cases, this can 

cause rigid devices to appropriately reorient to provide adequate closure of the PFO.41 

 
 
 
 
 
 

 



SECTION 4 - SIZING 
 
Current sizing of PFOs is almost exclusively done using either balloon sizing or 

transesophageal echocardiography (TEE). There has been some exploration of using 3-D 

TEE for sizing, but currently the extensive cost of the technology is limiting.78 Likewise, 

as CT technology advances, the ability to accurately image and reproduce the PFO 

morphology is increasing. Though detection of PFOs is feasible using CT85, the creation 

of the anatomy presents a difficult challenge due to the thin nature of the primum and the 

necessity to sufficiently illuminate the entire PFO structure with contrast. Though it is 

difficult, CTA, MRA, and 3-D TEE all have the ability to produce an anatomically 

correct characterization of PFO anatomy.41 As more studies are performed and it is 

shown that these modalities are both cost effective and a good clinical tool, advanced 

technologies may be a desirable option for sizing and detection of PFOs.41,85 

Balloon Echo CTA, MRI 3D TEE 

 

Figure 4.4 – Images of PFO sizing techniques [Images courtesy of St. Jude Medical] 
 
Balloon Sizing 

Balloon sizing has traditionally been the primary tool to size devices. Balloon sizing uses 

fluoroscopy to visualize the PFO anatomy using a compliant sizing balloon. Balloon 

sizing is often performed during the procedure for the sizing of the device and there have 
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been recent studies to explore the use of fluoroscopy as the only method for sizing and 

implantation of PFO closure devices.84 

 

Balloon sizing is performed by placing a sizing balloon across the tunnel. The balloon is 

then pressurized until an indentation in the balloon is visible. The physician has control 

of how much pressure to use and the determination of when an appropriate view of the 

anatomy has been achieved. 

 

As shown in Figure 4.5, the PFO size is determined by measuring the indented balloon 

waist as well as the length of the indentation. The waist corresponds to the diameter of 

the PFO and the length corresponds to the tunnel length. An understanding of the 

compliance of the septum primum is also achieved with balloon sizing.  

 

Figure 4.5 – (Left) Balloon sizing schematic. (Right) Balloon sizing image using fluoroscopy [courtesy 
St. Jude Medical 
 
The benefits of balloon sizing include the ease of use, the ability to identify definite 

diameter measurement, and understanding of tunnel compliance.  Though there are 

65 



66 

benefits, several studies have noted the trade-offs associated with the benefits.  One 

trade-off is that the sizing balloons distorts and stretches the PFO opening from a slit into 

a circle.33 Two studies have reported that the sizing balloon ruptured the anatomy.31, 36 

The thin and fragile nature of the PFO makes it susceptible to damage. 

 

Furthermore, the distortion of the tunnel leads to a reduction in the measured tunnel 

length. In the results38 of the Close-Up Trial for the Premere closure device, a device 

which is suited for long tunnels, 33 of the 67 patients were measured as having no tunnel. 

The reduction of the tunnel length is associated with a compliant septum, but when 

reporting the results in a study, it misrepresents the PFO tunnel length population. For the 

purpose of presenting results in literature or creating a classification system, it is 

important to understand the anatomic distortion during balloon sizing. 

 

Sizing Using TEE 

Transesophageal echocardiography is the main diagnostic tool for PFO identification. 

Once the PFO is identified, several views are able to be taken to make anatomic 

measurements of the PFO. TEE is used procedurally during implantation of closure 

devices in order to evaluate proper positioning and to determine if there are any residual 

shunts upon closure.  

 

Though TEE is the main diagnostic tool for PFO identification, the operator must have a 

proper understanding of the PFO anatomy and the TEE view planes in order to make 

accurate measurements. Even when great care is taken, difficulty still results due to the 
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potential to record out-of-plane measurements that either elongate or shorten the actual 

measurement.54 

 

An added benefit of TEE is the ability to characterize PFO anatomy beyond PFO 

diameter and tunnel length that balloon sizing is able to measure. Though care must be 

taken, the use of TEE can aid in proper sizing and can help reduce device failures. AGA 

Medical has released a set of sizing guidelines for sizing of the Amplatzer closure device 

based on standard TEE views. The measurements for proper sizing of the Amplatzer that 

are made using TEE are not possible using a sizing balloon. Equally as important as the 

sizing of the device is the ability to identify when a device should not be used due to 

anatomic conditions that increase the chance of device failure. In many cases, this is not 

possible with a sizing balloon.  

 

3D TEE 

There have been several studies published that describe the effectiveness and ability of 

3D TEE to detect, analyzed, and aid in the successful closure of a PFO. Using the 3D 

TEE, the PFO morphology was able to be adequately visualized in order to provide 

precise measurements and description of the PFO35. Though cost is still barrier, adoption 

of TEE is increasing and studies continue to show its capabilities73.  
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SECTION 5 –LITERATURE 
 

PFO classification is made more complex due to different definitions of presented 

measurements in literature. For example, the definition of PFO diameter changes 

depending on the method of sizing used. When using balloon sizing, articles will present 

PFO diameters that range from 5 mm to 12 mm.64 However, when using TEE78 to 

measure the PFO diameter, an article will show an entire population of patients as having 

a PFO diameter that does not exceed 6 mm.  Furthermore, additional articles will quantify 

PFO size without mentioning diameter at all.  

 

The discrepancy in the data presented for PFO diameter can be addressed by an 

understanding of the PFO opening. The PFO has a slit-like opening that is better 

represented by an ellipse than a circle as shown in figure 4.6. Balloon sizing ultimately 

makes the opening into a circle and thus the diameter represents the distorted PFO 

opening. When articles present a PFO diameter that does not exceed 6mm, it is describing 

the separation of the septum primum from the septum secundum in the minor axis of the 

opening (fig. 4.6). The separation, though thought to be important for device selection, 

does not relate to the overall size of the PFO opening and does not provide adequate data 

for device selection. A better understanding of PFO size would be to present the slot 

width of the PFO opening (major axis). Alibegovic attempts to use balloon sizing 

diameters to correlate to the undistorted slot width of the PFO opening, but this is the 

only article of its kind. TEE has difficulty measuring the slot width because the majority 



of views taken present a short-axis view of the opening, thus leading to reported 

“diameters” that are really the separation of the PFO.  

Septum Primum 

Septum Secundum 

Slot Width 
(Diameter) 

Separation 

 

Figure 4.6 – (Left) Photograph of a PFO left atrial opening in a cadaver specimen. (Right) Schematic 
depicting the elliptical shape of the left atrial opening.  When separation is reported in journal 
articles it is the distance of separation of the septum secundum and septum primum at the PFO 
opening. The major axis of the ellipse is the width of the PFO track. Balloon sizing distorts the 
elliptical opening to make it circular; often reported as PFO diameter.  
 

To further complicate matters, several articles, including one of the most heavily 

referenced in PFO research49, present measurements made on cadaveric specimens. The 

majority of these articles present the diameter of the PFO which were made by inserting a 

probe (pin) through the PFO. Not only is the PFO anatomy compliant, but the probe 

reproduces the results from ballooning by forcing the open to be circular.  

 

The ambiguous nature of presented results extends to other morphological features such 

as tunnel length. As an article by Spence highlights, though there are several sources that 

reference PFOs with long tunnels, there is no agreed upon definition of the actual length 

criteria of a long tunnel. Though this is the case, there are several PFO devices with fixed 

length waists that are not able to adequately address PFOs with “long tunnels”69. Like the 

studies that compared balloon sizing to measurements taken from TEE, the tunnel length 

measurements from the two techniques are not equivalent. Balloon sizing distorts 

69 
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anatomy and often pushes back the compliant septum primum effectively shortening or in 

many cases eliminating the length of the tunnel.64 TEE tunnel length is taken from a non-

distorted overlap between the septum primum and secundum. The discrepancy has the 

potential to adversely affect the selection of the proper device that will be able to 

adequately close the PFO.  

 

Literature: PFO Anatomy 

The measurement of the PFO morphology has been well described in literature. Studies 

fall into three categories based on the method of sizing reported: balloon sizing, autopsy 

measurements, and TEE data. Numerous papers identified several anatomic 

measurements that were important either to study the impact on sizing, stroke, or 

successful closure outcome. The identification of several measurements including tunnel 

length, secundum thickness, compliance, and diameter, gives credence to many of the 

measurements that were made during the research performed for the development of a 

classification study.   

 

Though there has been a general trend in the literature to document the average or range 

of anatomic measurements, there were only two papers identified that attempted to 

classify the PFO morphology based on the measurements taken.45 Several papers 

reiterated an understanding of how anatomy affects device function, selection, sizing, and 

development of next generation devices, but did not attempt to expound on a method to 

classify the anatomy. A summary of the results from literature of the three sizing methods 

are shown below.  
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Balloon 

As mentioned, balloon sizing is routinely performed during the procedure to determine 

the device size appropriate for the patient. Several papers identify that the balloon 

ultimately stretches the PFO diameter as it makes an elliptical opening into a circular 

opening. Balloon sizing is also documented as describing the compliance of the PFO. In 

the table below, the septum primum compliance is described by those studies that 

designated both the undistorted tunnel length as well as the ballooned tunnel length.64 

Since balloon sizing is used during the procedure, all patients in the table were patients 

that were indicated for transcatheter closure of their PFO. 

Table 1 – Compiled PFO balloon sizing results from literature 
Author PFO Diameter 

(mm) 
Undistorted 
Tunnel 
Length 
(mm) 

Ballooned 
Tunnel 
Length 
(mm) 

Septum 
Secundum 
(mm) 

ASA 
(%) 

Marshall64 9.2 ± 2.6 

(4.3-12.3) 

9.1 ± 4.7    

(2.1-19.5) 

.5  ± 1.6  

(0-5.8) 

6.0 ± 1.2 

(2.9- 10.7) 

 

Buscheck38 8.91 ± 3.78  4.71 ± 2.46 

(1.4-10.05) 

 26.9% 

Alameddine31 10.8  ±  5.9    33% 

Alibegovic33 8.6 ± 3.5        

(3.8-14.8) 

   30.5% 

Schuchlenz78 8.3 ± 2.6 (4-14)     

El Said45 11.6 ±3.8     

Harms52 13.0 ±3.5     
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Autopsy 

Perhaps the most referenced literature source for PFO measurements was performed by 

Hagen et. al.49 The journal article reports measurements that were taken from a registry of 

965 autopsy specimens with a PFO present. The primary measurement was the PFO 

diameter. The same set of autopsy specimens were used by McKenzie et. al.66 to measure 

the PFO tunnel length as well as the distance from the PFO opening to aortic rim. The 

last article in the table was measurement made by Hara et. al.50 on 25 cadaver specimens. 

The two differences to note from the patients in the balloon sizing and TEE categories are 

that the cadavers represent a general PFO population compared to patients who were 

indicated for PFO closure. It has been noted by several sources that larger PFOs increase 

the risk for an embolic event leading to a cryptogenic stroke which indicates the patient 

for PFO closure. The second difference is that all the heart specimens were formalin 

fixed and undocumented shrinkage may have occurred reducing size of the 

measurements.  

Table 2 – Compiled PFO autopsy measurements from literature 
Author PFO Diameter (mm) PFO length (mm) Aortic Rim (mm) 

McKenzie66 5.1 8.0 8.1 

Hagen49 4.9 (1-19, 98% 1-10)   

Hara50 7.3 ±1.7 7.1±3.1  

 

TEE 

Prior to a procedure, an evaluation of the patient is performed using TEE. During the pre-

procedural evaluation, measurements may be made to select and size a device. The 
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studies in this section are limited in direct comparison to the balloon sizing due to the 

differences in definition and measurements taken. It is not uncommon to have the PFO 

diameter be referenced as the separation of the septum secundum from the septum 

primum. As mentioned, this is the minor axis of the elliptical opening. Another limitation 

of the data is that the definition for ASA is not always consistent.  

Table 3 – Compiled PFO TEE sizing results from literature 
Author Fossa Ovalis 

(mm) 
Primum 
Length (mm) 

Tunnel 
(mm) 

Separation (mm) Mobility (mm) 

De Castro42 17.9±3.3 27.8±6.3 ~10  2±1.3 7.5±4.3 
Natanzon71   7.5±3.4 (1) 

9.9±6.0 (2)
2.5±2.0 (1)  
1.9±1.6 (2) 

28% ASA 
21 % ASA 

Steiner81    10% > 4.0 mm 
35 % 2.0 -3.9 

 

Alexander32     36 % 
Homma55    58.6% > 2mm 11%              

(All patients) 
Schuchlenz78    5.2 ± 1.7 (2-10)  
El Said45    4.8±1.1 30 % ASA 
Harms52 19.9±5.3  11.3±3.2  32% 

 

Classification Attempts 

The only literary sources that were identified to provide a classification system were 

reported by El Said45 et al (ES) and another by Presbitero et. al76 (PR). The journal article 

written by El Said45 was divided into two main categories: PFO septal morphology and 

PFO morphology. The septal morphology was defined as flat or aneurismal (ASA) and 

the PFO morphology were documented as either simple or complex. Complex PFOs 

either had an ASA, tunnel length, fenestrations, or a combination of the three. Simple 

morphology was defined as having no complications. A summary is provided below. The 

sizing was performed using TEE. 
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Table 4 – PFO classification system described by El Said et. al.45 

Septal Morphology PFO Morphology 

Flat ASA Simple Complex 
43% 57% 
ASA Long Tunnel 

(>6mm) 
Fenestrations 

30% 32% 11% 
ASA and Fenestrations ASA w/ Long Tunnel 

70% 30% 

11% 4% 
 

The classification system by PR takes a similar approach to the presented by ES. The 

classification system puts heavy emphasis on the presence of an ASA in the patient. PR 

defines three types of PFOs according to their relative level of mobility whereas ES 

defined it as either flat or aneurysmal. PR also included the long tunnel emphasis and 

fenestration (cribriform) of the categories. The six main categories are presented below. 

PR includes notes about additional features such as presence of Eustachian valve, Chiari 

network, or a lipomatosis (thick) septum secundum, but does not included them in the 

defined classification system. The additional benefit of the PR article is that a description 

and explanation of the devices used for specific cases (PremereTM for long tunnel) were 

included76. 

 Simple – Central shunt with basic valve mechanism 

 Reduse – Pseudoaneurysmal septum primum 

 ASA – Excursion  of  >15 mm   into the left or right atrium with a fossa ovale 

width >15mm 

 EASA – Entirely aneurysmal 

 Cribriform Septum Primum – Fenestrated septum; multiple openings 

 Tunnel – Tunnel length > 10 mm76 
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Table 5 – Presbitero, P., et al classification system76 

Presbitero Classification System 

Anatomical Feature % 

Simple or with valve mechanism 45 

Reduse 22 

ASA 11 

EASA 2 

Cribriform 9 

Long Tunnel 11 

 

In both cases an ASA and tunnel length were noted as having a significant affect on the 

outcome of the surgery and dictated what device would be used. Also, included was the 

occurrence of a fenestrated PFO tunnel. Additional, PR lists additional features with low 

occurrence rates but that still affect successful closing of a PFO. 
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Chapter 5  

 

CLASSIFICATION SYSTEM 
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SECTION 1 – PROJECT MOTIVATION 
 

The purpose of the research project was the creation of a classification system based on 

morphological features and anatomical measurements made using transesophageal 

echocardiogram (TEE) for PFO anatomy. A major emphasis of the classification system 

was the creation of standardized measurement techniques and a defined system that could 

be used industry wide. It is the desire that the classification system would be adopted 

industry wide so a consistent understanding of PFO features can be used by researchers in 

literature, by physicians for sizing of devices, and by engineers for the creation of future 

devices. The motivation for the classification system comes from the complexity and 

variation in the morphologic structures that form the PFO, along with the need for better 

standards for proper selection and sizing of transcatheter closure devices.  

 

Need for Standardization 

Several sources highlight the need for a standardized method of defining and measuring 

PFO anatomy. In general, there is a need for standardization of PFO identification and 

quantification, which at present does not exist.75 When measurements are reported in 

literature, the absence of anatomic criteria for the identification of morphological features 

makes every definition seem arbitrary.42 

 

Not only does the lack of a standardized system handicap researchers, it also limits the 

ability of the physician to adequately size and select a device.80 Though AGA Medical 

[Golden Valley, MN] identifies criteria for the sizing of the Amplatzer device, device 
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selection and size of other PFO closure devices is determined by the “intuition” and 

discretion of the operator.33 Considering the operator has several devices to choose from 

(with several new ones currently being developed77), along with multiple factors that the 

physician must take into account, device selection is an area that could benefit from 

defined recommendations or standards. It is the case that with a systematic and complete 

approach to a patient’s PFO anatomy, there is a reduced chance of having any device-

anatomy mismatch that could lead to a device failure or inadequate closure of the PFO.41 

Furthermore, device development and performance can benefit from a closer study of 

structural anatomy as devices need to be designed for dynamic, compliant anatomy to 

meet patient needs. Devices that are designed using static models (with measurements of 

PFO anatomy taken from averages in literature), will be limited in their ability to provide 

adequate closure to the entire patient population.  

 

Standardized Approach 

Due to the discrepancies that have resulted from a lack of standardization, it is the goal of 

the presented research to define the echo planes where measurements were taken, define 

specifically what measurements were taken, and set or use defined standards when 

referencing anatomy. By doing so, this produces an overall standard that can be used for 

the quantification of PFO anatomy. The ultimate goal is to use the data collected to define 

a classification system based on PFO morphology that directly affects device sizing and 

performance for the benefit of the researcher, cardiologist, and engineer. It is the desire 

that the classification could be used and furthered as more data is gathered, even if the 
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measurement and identification of a PFO changes due to advanced technology such as 3-

D TEE or CT.  
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SECTION 2 – METHODS 
 

The study objective was to create a PFO classification system based on PFO anatomical 

measurements from retrospective TEE data. The classification focuses on the anatomy of 

the patent foramen ovale (PFO) that affects the design and implantation of PFO closure 

devices. The hypothesis of the study was that using TEE echo, the anatomy of the PFO 

can be characterized in a way that will influence the design of closure devices and assist 

in the selection and implantation of PFO closure devices. Measurements were taken that 

both describe the anatomy and directly affect the performance of transcatheter PFO 

closure devices.  Helen Ko analyzed all the TEE files, with a secondary review performed 

by Nathan Handel to verify the measurements performed. The outcome of the study was:  

 

1. A classification system that physicians can use to correctly identify the PFO and 

determine which closure device is suitable for closure of the PFO.  

 

2. A standardized echocardiography procedure for all PFO procedures. The 

procedure specifies PFO anatomy measurements taken in specific viewing planes.  

 

Data Files 

A total of 80 patients were successfully analyzed and used for the study. There were a 

number of patients who were not included in the study due to image quality or inability to 

transfer the data to the analysis software. All the patients in the study were referred to Dr. 
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Robert Sommer for PFO closure. The files were analyzed using software provided by St. 

Jude Medical. 

 

Patients were analyzed based on a standardized score sheet that was created and agreed 

upon by all parties associated with the study. For each measurement made, a screenshot 

was taken and saved along with the score sheet. A wide range of measurements were 

made to fully characterize the PFO anatomy. Not all the measurements were recorded for 

every patient as some patients did not have the correct TEE view to record the 

corresponding measurements. Though not all the anatomic categories were included in 

the classification system, they are included in the results section. Measurements were 

compiled in a datasheet and an evaluation was performed to determine if any errors were 

made during data entry. Results from data segmentation were hand checked to validate 

the results.  

 

Echocardiographic Views 

TEE is widely acknowledged as the “gold standard” for the detection and initial 

evaluation of PFOs.75 TEE was chosen as the method of imaging for the classification 

study based on the availability of patient cases as well as the ability to fully characterize 

the PFO anatomy using multiple viewing planes. Intracardiac echocardiography (ICE) 

cases were also going to be included in the study, but there were not a sufficient number 

of patient files.  

 



Measurements were taken in four viewing planes. Based on the acknowledgement that 

there is individual variation in the position of the heart in relation to the esophagus, 

standard viewing planes were designated by anatomic landmarks. A range of viewing 

planes are used as a reference to obtain the desired anatomic landmark.79 The four 

standard views used were the four-chamber view, bicaval, aortic valve short axis, and 

intermediate. The four views are shown in figures 5.1 – 5.4. The associated 

measurements taken in each view are described in the next section. 

 

Four Chamber View – The four chamber view is obtained at the mid-esophageal level 

with a multi-plane angle of 0-20 degrees. Anatomic structures associated with the view 

include the right atrium, left atrium, right ventricle, and left ventricle.79 

 

Figure 5.1 – Standard Four-Chamber View 
 

Aortic Valve Short Axis View (ME AV SAX) – This view is referenced as the Ao view 

in the study. The view is obtained at the mid-esophageal level between the angles of 30-

60 degrees. The Ao view anatomical landmarks are predominately marked by the 

visualization of the aortic root (en face), left atrium, and right atrium.43 
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LA 

AV RA 

Figure 5.2 – ME AV SAX (Ao) schematic and echo image showing defined anatomic landmarks for 
Ao view. RVOT = Right Ventricular Outflow Track; N = Non-coronary leaflet; L = Left Coronary 
Leaflet; R = Right Coronary Leaflet 
 
Bicaval View – The bicaval view is referenced as the SVC view in the study. The view is 

obtained at the mid-esophageal level between the angles of 80-120 degrees. For the 

bicaval view, both the inferior vena cava (IVC) and superior vena cava (SVC) must be 

visualized along with the left and right atrium.79 

 

Figure 5.3 - Bicaval schematic and echo image showing defined anatomic landmarks for bicaval view 
 
Intermediate View – The intermediate view was identified by Helen Ko as an additional 

view in which to take measurements. The intermediate view is obtained at the mid-

esophageal level and corresponds to a view that is between (intermediate) to the bicaval 

and Ao view. The anatomical landmarks are the visualization of the left atrium, right 

atrium, and right ventricle. [HK] 
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LA

RA

RV

Figure 5.4 – Intermediate view plane with standard anatomic landmarks 
 
For each patient, it was recorded what views were present. Furthermore, for all 

measurements, it was documented in which view the measurement was taken.  

 

Measurements  

As mentioned, a wide range of measurements were taken for the complete 

characterization of the PFO morphology. A copy of the score sheet is available in the 

appendix with additional comments. The table below summarizes all the measurements 

that were taken based on the standard views defined above. The measurements are 

defined and described in following sections.  

 

The first element of the score sheet characterizes the quality of the study. The patient ID 

is created based on the first initial, last initial, and a three digit number based on the 

patient order in the study.  
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Table 6 – Reference TEE images and list of measurements taken in individual view planes 
View Measurements 

Ao View (ME AV SAX) 

 Septum Primum Mobility 
 Septum Secundum Thickness 
 Fossa Measurements 
 Max Separation 
 Septal Overlap 

Bicaval View 

 Septum Primum Mobility 
 Fossa Measurements 
 Max Separation 
 Septal Overlap 
 Limbic (Secundum) Rim Thickness 
 Distance to SVC 

Intermediate View 

 Septum Primum Mobility 
 Septal Overlap 
 Max Separation 
 H. Ko Method* 

Four-Chamber View  Distance to Mitral Valve from PFO 
opening 

*Measurement not originally a part of the study. Created and defined by Helen Ko. 
Description is included below. 
 
The type of imaging (TEE, ICE) and the views present in each study were recorded. This 

designated what planes were available for measurements to be taken. The planes were 

referenced above and are classified as Ao, SVC, 4-chamber, and any intermediate view 

that was present. The image plane rotation (degrees) of the intermediate views was 

recorded as well.  

 

Image quality and if a PFO (excluding other atrial septal defects) existed were the two 

factors used to determine if the patient file was included in the study. If the image quality 

was not good or excellent, the study was not used. 80 patients were identified as meeting 

the criteria to be used for our study.   

 



Each patient file was evaluated based on nine measurements that are described below. An 

additional measurement was added that is described as the Helen Ko method (HK).  

 

Septum Primum Mobility (ASA) 

The first measurement of the PFO is the mobility of the septum primum. The septum 

mobility is measured as the maximum excursion of the septum primum into the left and 

right atrium. The distance is measured from a centerline drawn between the tip of the 

septum secundum to the septum primum. Both values are recorded in the score sheet. An 

aneurysmal septum primum is defined as excursion of >=10mm either into the right or 

left atrium.32,54 Though there are other definitions of an ASA in literature, the definition 

used was defined by the PICSS55 study and is a baseline measurement. 

 

Figure 5.5 Examples of septum primum mobility measurements. A) The excursion is measured from 
right to left (into the left atrium). The value is greater than 10 mm so the septum is defined as 
aneurysmal. B) The excursion is also measured from the left to the right (into the right atrium). 
 

If the septum was aneurysmal, the septum was further classified by the attachment type in 

the left atrium. The attachment was classified as either proximal only, intermediate, or 

wide orifice. The characteristics are defined below: 
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 Wide Orifice - A large separation between the septum primum and septum 

secundum at the maximum excursion point.  

 Intermediate attachment - Septum primum forming a tunnel-like attachment 

(minimum separation) with the septum secundum at maximum excursion.  

 Proximal Only – Attachment of septum primum to septum secundum at maximum 

excursion is at the furthest most point of the septum primum in the left atrium. 

Proximal only ASAs have a large opening into the right atrium. 
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Figure 5.6 - Examples of ASA Categories. A) Proximal Only B) Intermediate C) Wide Orifice. Note – 
See above definitions for description of proximal only, intermediated, and wide orifice ASAs.  
 
Septum Secundum Characterization 

The septum secundum is measured in the Ao view. The characteristics of the septum 

secundum that were measured were the angle that the secundum formed between the left 

and right atrium, the retro-aortic rim length, and the secundum thickness. 

 

The measurement of the septum secundum is to define the shape of the secundum. The 

shape of the secundum is defined as either a triangle or a round shape. The secundum is 

defined as having a triangular shape if the tip of the secundum comes to a point and the 

sides of the secundum in the left and right atrium are straight. The shape of the secundum 



is designated as having a round shape if the sides of the secundum in the left and right 

atrium are rounded and do not come together to form a point.  

  

Figure 5.7 - The figure on the left shows a septum secundum that has a triangular shape and the 
septum secundum on the right would be designated as having a round shape. 
 

If the septum secundum has a triangular shape, the measurements for the length of each 

side of the secundum are recorded. The length of secundum on the right atrium side 

(RA), the length of the secundum on the left atrium side (LA), and the base (W) are 

recorded on the score sheet. The base is defined at the end of the septum primum and 

parallel to a line tangent to the root of the aorta 

RA

LA

Ao

Angle of the Secundum

Retro-
Aortic RimRA

LA

Ao

Angle of the Secundum

Retro-
Aortic Rim

 

Figure 5.8 - Diagram showing measurements that are made for a triangular shaped septum 
secundum. The length of secundum on the right atrium side, the length of the secundum on the left 
atrium side, and the base are recorded. The base width is parallel to a line tangent to the aortic root 
(shown). The length of the right and left sides of secundum are measured from the tip of the 
secundum to the end of the septum primum (arrow). 
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If the septum secundum shape is rounded, the width, right side, left side, and thickness of 

the secundum are measured. The width is measured in the same manner as the triangular 

secundum width. In the figure below, the measurements are shown. The thickness should 

be measured with a line that is tangent to the furthermost extension of the tip of the 

septum secundum into the right atrium. The line tangent to the tip should be parallel with 

the line that is drawn tangent to the aortic root (labeled ‘W’ in figure 5.9. The sides 

should be measured from the edge of the width line (measurement) to the edge of the 

thickness measurement. The resulting four measurements will form a trapezoid that 

bounds the round shape of the secundum.  

                           

R 
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Figure 5.9 - Schematic showing the width, thickness, right atrium side, and left atrium side 
measurements that are made when a septum secundum has a round shape. 
 
Using the measurements of the septum secundum, the angle that the secundum forms 

between the left and right atrium is calculated using the law of cosines. 

L 

W 

T 
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Ao

Angle of the Secundum
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Angle of the Secundum

Retro-
Aortic Rim

 

Figure 5.10 – Angle of secundum and retro-aortic rim length schematic 

Equation 1:    
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Retro-Aortic Rim Length 

The retro-aortic rim length is defined as the distance from the tip of the secundum to the 

aortic rim. The length was calculated using the law of cosines in equation 3. Using the 

equations ensures that the recorded rim length is the perpendicular distance from a line 

tangent to the aortic rim and the tip of the secundum.  
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Figure 5.11 – Calculation of Retro-Aortic rim length measurement. 
 

Equation 2:    






 


AoLA

RALAAo
ArcAngleRim

2
cos_

222

 

Equation 3: ]_sin[)(__ AngleRimLALengthRimAortic   
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The secundum thickness is noted on the score sheet by designating if the patient has a 

thick circumferential limbic rim. If the patient has a prominent inferior and superior 

limbic rim in the SVC view, the thickness is measured and recorded.  

 

Figure 5.12 – Thick limbic rim in bicaval view 
 
Fossa Measurement 

The fossa ovale is measured in the SVC view and the Ao view.  The fossa ovale is 

measured from the tip of the septum primum to the tip of the septum secundum. The 

fossa ovale measurement in the Ao and SVC are perpendicular to each other and help 

define the profile view of the fossa ovale.  
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Figure 5.13 - Images showing the measurement of the fossa ovale in the SVC view (left) and the Ao 
view (right). The fossa ovale is measured from the tip of the septum secundum to the tip of the 
septum primum. 
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ax Separation 

 is measured by determining the separation distance between the septum 

 

Figure 5.14 - Maximum separation measurements made for a single patient at different points in the 
cardiac cycle. In this case, the maximum measurements for the image on the left would be recorded

h of the patent foramen ovale is determined by measuring the overlap of 

M

The tunnel width

primum and septum secundum. The maximum separation will usually occur during a 

valsalva maneuver. The separation distance was measured for both the left and right 

opening of the patent foramen ovale. The measurement recorded on the score sheet was 

the maximum value of all measurements taken. The view in which the maximum 

separation was measured was designated on the score sheet (Ao, SVC, intermediate). 

LA 

RA 
IVC 

LA 

RA 
IVC 

 
(right = 4.69 mm, left = 2.78mm) 
 
Septal Overlap 

The tunnel lengt

the septum secundum and septum primum. The septal overlap measurement is recorded 

for the SVC, Ao, and intermediate views, if available. The maximum value for each view 

was recorded.  

 



 

CBA

Figure 5.15 - Septal overlap measurements made in intermediate (A), SVC (B), and Ao (C) views. All 
three measurements are recorded on the score sheet. 
 
Distance to Mitral Valve 

The distance to the mitral valve (left atrium) was measured in the four-chamber view 

from the base of the mitral valve to the most distal attachment of the PFO in the left 

atrium. The atrial width was also measured and is the distance from the top of the atrium 

to the base of the MV. Measurements were only taken in available four-chamber views 

and only the maximum distance was recorded on the score sheet. If no four-chamber 

view was available, the measurements were marked as not available (N/A). 
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A B 

Figure 5.16 - In the four-chamber view, the fossa width is measured from the tip of the secundum to 
the tip of the primum (A). To approximate the distance from the MV to the opening of the PFO, the 
distance from the top of the atrium to the MV is measured (B). 
 
Distance to the SVC 

The distance from the tip of the septum secundum to the orifice of the SVC was 

measured in the SVC view. The measurement was taken along the axis of the secundum 

and terminated at the orifice of the SVC. The distance to the SVC was measured to 

determine the distance from the PFO to the aorta for device placement and size criteria. 

This measurement was included based on the AGA recommendations for sizing of the 

Amplatzer device.58 For the measurements taken, the SVC must be clearly defined in the 

viewing plane. Using an SVC intermediate view is discouraged.  
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Figure 5.17 - The distance from the PFO defect to the orifice of the SVC is measured along the axis of 
the septum secundum. The double arrow in the figure shows where the measurement should be made 
in an SVC view. 
 

Shunt Direction 

The shunt direction of the patent foramen is described on the score sheet. When a bubble 

contrast injection (BCI) study was present, the direction of the shunt (left to right, right to 

left, bi-directional, or none) was marked on the score sheet. The number of bubbles that 

passed through the shunt designated the size of the shunt. The various shunt categories 

are shown below in Table 1.  

 

Table 7 - Shunt Size Description by Bubble Contrast Injection (BCI) 
Number of Bubbles Across the Shunt Shunt Size Description 

< 5 bubbles in one frame Trivial 

5 – 10 bubbles in one frame Small 

11 – 20 bubbles in one frame Moderate 

20 + bubbles in one frame Large 
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Fenestrations 

If a fenestrated septum primum was noted, it was recorded on the score sheet. The 

distance to the fenestrations was also noted as adjacent to PFO or distant to PFO. In the 

case that multiple fenestrations existed, all distances were recorded.  

 

HK Method 

During the initial patient TEE analyzed by HK for score sheet development, a new 

measurement technique was developed to measure the right and left tunnel length. The 

measurement is taken in the intermediate view across a single heart cycle. The 

intermediate view allows the PFO to be “mapped out” as the heart moves during a single 

cycle. The intermediate view, as mentioned, is designated by the anatomical landmarks of 

the left atrium, right atrium, and right ventricle. The HK method is detailed below. 

 

Figure 5.18 – The overlap distance of the septum primum on the septum secundum is measured in 
the rightward most deviation during the P-wave. 
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1. The rightward most deviation is marked at the beginning of a new heart cycle (P-

wave). The septal overlap is measured at this location. The measurement 

corresponds to the right tunnel length. 

 

Figure 5.19 – Leftward most deviation corresponding with QRS wave is marked and septal overlap is 
measured. 

2. The leftward most deviation is marked. The point most often corresponds to a 

point during the QRS wave. The septal overlap is measured at this location and 

corresponds to the left tunnel length.  

 

Figure 5.20 – Distance between the septal overlap measurements made during the maximum 
leftward and rightward deviations is measured to determine the slot width. Distance should be 
measured at the left edge of the septal overlap measurements.  
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3. Once the septal overlap (which is the PFO tunnel length) of the leftward (L) and 

rightward (R) most deviation has been measured, the distance between the two 

points is measured and corresponds to the PFO slot width (SW). 

 

L = 7.43 mm

SW = 13.80 mm

R = 14.40 mm 

Figure 5.21 – Results from HK method for a patient in study. HK method determine SW, left tunnel 
length (L), and right tunnel length (R). Measurements allow for a complete description of PFO size.  
 

4. The measurements map out the right and left tunnel length along with the 

associated PFO slot width.  

Slot Width 

An additional measurement that was taken in the apical four-chamber view angled 

slightly up toward the aorta. When this view was present, it was also theorized that the 

slot width could be measured. The slot width measurement taken in this view was 

compared to the slot width in the HK method.  

98 



 

Figure 5.22 – Slot width direct measurement from HK observations 
 

HIPAA Considerations 

All studies were exclusively viewed by either St. Jude or Helen Ko. No patient data was 

shared with any party not a part of the previously signed Consulting Agreement.  

 

All patients were made anonymous using Heartlab. Any patients stored on an EHD or 

Heartlab machine were referenced only by the patient ID. Any images of the 

measurements stored or the DICOM data were placed in the patient’s folder designated 

by the patient ID. At no point was a patient referred to by the patient’s name or other 

demographic information that conflict with HIPAA restrictions. Any data that is reported 

in a publication will follow HIPPA guidelines and will not be linked to specific patient 

information.  
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SECTION 3 – PFO STUDY RESULTS 
 

The data from the 80 patients analyzed by Helen Ko and verified by Nathan Handel were 

recorded in a single data file. Verification of the data was performed by independently 

reviewing 20 patient studies and comparing the results. Any discrepancy that existed was 

a result of chosen view plane and not the measurement technique. This will be discussed 

further in the limitations section. The data was also verified by comparing the data sheets 

with the measurement images that were saved along with the data sheet. The data used 

for analysis and creation of the classification system was taken exclusively from the 

measurements done by Helen Ko, as she is an expert in the field of echocardiography.  

 

An analysis program was written by Nathan Handel to aid in the creation of a 

classification system, segmenting the data, patient entry, and analysis of the data. The 

program allows the user to define parameters for the classification system. A detailed 

explanation of the program is included in the appendix.  

 

The results of the literature surveyed were included in chapter 4. They provide a basis for 

the validity of the data collected for the classification study. The average values of the 

data collected in this study are compared with the average measurements recorded in 

literature to reflect both the accuracy and relevance of the data. It is noted that the data 

used for this study is from a patient population that was indicated for PFO closure. 

Patients that are indicated for PFO closure based on a risk of a second cryptogenic stroke 

have increased PFO diameter, separation, and ASA measurements compared to the 
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general population of PFO patients.42,30,54 The articles that are of cadaver specimens49,51,66 

represent the entire PFO population. 

 

PFO Size 

In the study, the tunnel length, separation of the septum primum and septum secundum, 

and slot width were measured. Each of these measurements defines the general size of the 

PFO. A comparison of results from literature and the study is shown in tables 8, 9, 10.  

Table 8 – Comparison of tunnel length results from the classification study with values recorded in 
literature 

PFO Classification 
Measurement 

Value (mm) Author Value (mm) 

Septal Overlap - SVC 12.8 ± 3.7 Natanzon71 7.5 ± 3.4 (1) 
9.9 ± 6.0 (2) 

Septal Overlap - Ao 11.3 ± 3.0 Harms52 11.3 ± 3.2 

Septal Overlap - Int 13.3 ± 3.7 Marshall64 9.1 ± 4.7 

HK – Left Tunnel Length 9.9 ± 3.4 

HK – Right Tunnel Length 12.2 ± 4.3 

 

The tunnel length was measured using the separation of the septum primum and septum 

secundum in the Ao, SVC, and intermediate view. Also, the left and right tunnel lengths 

were measured using the HK method. The results are shown in table 8. From the 

definition of the TEE planes, it is clear that the three measurements made are not all true 

tunnel length measurements. Though, for the given patients the three measurements will 

most likely contain a measurement that foreshortens the tunnel length or elongates the 

tunnel length. The similarity in the averages of the three categories is deceiving in that a 

p-value between any of the groups produce statistically significant results (p < .05) that 
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show the results are not equal.  The results for the HK method highlight that the left and 

right tunnel of the PFO may not be the same length, seeing that the PFO attachment in the 

left atrium is “hammock” shaped.67 

Table 9 – Comparison of PFO left atrial opening sizing from the classification study with values 
recorded in literature 

PFO 
Classification 
Measurement 

Value (mm) 
Author Value (mm) 

Natanzon71 2.5 ± 2.0 (1) 
1.9 ± 1.6 (2) 

Schuchlenz78 5.2 ± 1.7 
Separation (Left) 3.6 ± 1.7 

El Said45 4.8 ± 1.1 

Marshall64 9.2 ± 2.6 (Balloon) 

Alameddine31 10.8 ± 5.9 (Balloon) 

Alibegovic33 8.6 ± 3.5 (Balloon) 

Harms52 13.0 ± 3.5 (Balloon) 

Slot Width – 13.2 ± 3.1 

Slot Width (HK) – 12.6 ± 2.2 

El Said45 11.6 ± 3.8 (Balloon) 

 

The results for the separation of the septum primum from the septum secundum are 

included in table 9. The separation average of 3.6 ± 1.7 mm is within the range of values 

listed in literature for TEE measurements of maximum septum separation. The result of 

the slot width traced out by the HK method and the slot width measured directly in the 

view defined by HK have a p-value that shows that the two data sets are not statistically 

different (p-value = .25). The slot width values in the study are larger than the measured 

diameter using balloon sizing. This is not a surprise as balloon sizing distorts the 

elliptical PFO opening into a circle. Using the method proposed by Alibegovic33, the slot 
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width values from the study correspond to a PFO diameter average of approximately 8.4 

mm for the slot width measured directly and 8.0 mm for the slot width measured using 

the HK method. These values highlight the claim that the sizing balloon stretches the 

PFO, while still showing the similarity of the results obtained in the study to the results 

from literature.31,33,45,78   

 

Septal Morphology 

The aortic rim length and secundum thickness was measured to characterize the septum 

secundum. The aortic rim length is required by AGA for the sizing of the Amplatzer 

device. The results showed that the average rim length was 9.1 mm, which is equivalent 

to the minimum specification set by AGA.58 This result is comparable to the results 

obtained by McKenzie using 100 hearts from autopsies having a PFOs.66 The comparison 

is shown in table 10. 

 

The average secundum thickness (measured) was 5.35±1.42 mm, though values were not 

able to be recorded for every patient. The result is comparable with those published by 

Marshall et. al using balloon sizing.64  

Table 10 – Comparison of secundum characteristic results from the classification study with values 
recorded in literature 

PFO Classification 
Study Measurement 

Value (mm) Author Value (mm) 

Aortic Rim Length 9.1 ± 2.4 McKenzie 8.1 (Autopsy) 

Secundum 
Thickness 

5.4 ± 1.4 Marshall 6.0 ± 1.2 
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Two other measurements that are of noted significance and are the subject of multiple 

journal articles are that of ASA and fenestrated (cribriform) septum prevalence. The ASA 

occurrence in the study was 33%, which is in the range of values documented in literature 

(26% - 36%).31,32,54,64 A fenestrated septum was noted in 21% of the study patient 

population with 16% of patients having a fenestration that was distant to the opening of 

the PFO. The average distance for those patients with fenestration distant to the opening 

was 19 mm from the PFO opening.  

 

Conclusion 

A full list of averages for the measurements made in the study is included in the 

appendix. The results of the study are consistent with averages reported from the 

literature for several PFO morphological categories. The full list of measurements for the 

retrospective study was to determine the feasibility of making measurements based solely 

on TEE. Also, a large number of PFO morphology was measured to aid in the final 

selection of a classification system. The results are used to create a recommended 

classification system, as well as to detail a recommended measurement protocol. 

Ultimately, a select list of measurements would be used for a prospective trial to verify 

the results presented. 
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SECTION 4 – PFO CLASSIFICAITON SYSTEM 
 

The purpose of this section is to explain the two classification systems that were created. 

The main purpose of the study was to create a classification system that would 

characterize which PFO anatomy had the greatest influence on the selection and 

performance of closure devices to provide meaningful results for use by physicians and 

engineers. The primary difference is that the first classification system is based on a 

binary combination of the five anatomic characteristics selected, resulting in 32 possible 

combinations; whereas the second classification is a hybrid of factors for device sizing 

and selection.  

 

The first classification system was the result of a recommendation provided by Dr. 

Sommer. Dr. Sommer is an expert in the field of PFO closure and does consulting for 

several PFO closure device companies. In an interview with Dr. Sommer, he emphasized 

how variations in anatomy influence his decision to choose and place a device. The first 

classification system not only takes into account the prevalence of the anatomy (which is 

the focus of the majority of PFO literature), but it seeks to distinguish itself by 

considering the specific anatomy that affects device function and selection. By creating a 

system that is motivated by device function, and allowing that to drive the anatomic 

research, the system is a powerful tool for engineers and physicians.  

 

Dr. Sommer evaluated his approach to device selection and sizing during a procedure and 

compiled the following attributes which he takes into account: 
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 Separation of septum primum from septum secundum 

 Excursion of the septum primum (ASA) 

 Thickness of the limbic rim 

 Septal Overlap (tunnel length) and compliance 

 Length of the aortic rim 

The sizing, selection, and placement of the device were treated differently by Dr. 

Sommer depending on the many variations in anatomy. There was not one single feature 

that was isolated or emphasized more than another. Therefore, this led to the conclusion 

that presenting research of a single PFO morphology was not as useful as the effort to 

characterize the whole anatomy.  

 

The first classification system is based on a set of given inclusion criteria for each of the 

five PFO anatomic categories suggested by Dr. Sommer. The selected criterion reflects 

the critical measurement value at which each of the five anatomic categories pose a 

challenge to the selection and function of the device. The inclusion criterion are not 

linked to population averages, but are rather based on literature and expert opinion. 

Therefore, the classification system is not concerned with finding or reporting averages; 

it is only based on whether or not the patient is included in a specific category. To be 

included in a specific category, the anatomic measurement value must meet or exceed the 

set criteria.  

 

The structure of the classification system is a binary inclusion format; either a patient 

meets the inclusion criteria or does not. Since there are five anatomic categories, then 
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there are 25 or 32 possible combinations. If a patient has an ASA and a long tunnel, then 

the patient is recorded in the combined ASA, long tunnel category, but is not included in 

the ASA only or long tunnel only categories. The goal is that researchers and engineers 

can determine what percent of the population has particularly challenging anatomy and 

how to effectively address them.  

 

When reporting the results for a given patient in the study, it is not necessary to report all 

the measurement values which fall below the set criteria as most devices have been 

shown to be successful in closing the average patient anatomy; it is the difficult anatomy 

that needs to be reported. Therefore, for a patient work-up, only the categories that 

exceed the set criteria value are reported. For example, a long tunnel of greater than 10 

mm has been shown to be problematic for several devices. If a patient has a measurement 

of 8 mm, the tunnel length is not a necessary factor to consider in device selection. By 

only including the categories for a patient that exceeds the criteria, the system provides a 

concise, meaningful patient designation system for physicians as opposed to giving them 

a long list of measurements to assess. 

 

Table 11 provides a summary of the first classification system, which includes the 

inclusion criteria that was set for the five categories, as well as the percentage of patients 

in the study that exceeded the criteria.  
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Table 11 – Selected criteria for the anatomic categories included in the first classification system. 

 
Criteria for Inclusion 

in Category 
% Patients That 

Exceed Set Criteria  
Excursion (ASA) > 10 mm Excursion 35% 
Tunnel Length > 10 mm 34% 
Limbic Rim 
Thickness 

> 6 mm 50% 

Separation (Left) > 4 mm 35% 
Aortic Rim < 9 mm 46% 

 

Aortic Rim 

The aortic rim criterion refers to the retro-aortic rim height. As stated, the height is 

measured from the tip of the secundum (point of separation between the left and right 

atrium) to the base of the aortic root. The aortic rim height constraint was defined as 9 

mm based on the recommendation by AGA medical. If the retro-aortic rim is less than 9 

mm there is an increased risk of aortic perforation due to the erosion of the device 

through the aortic wall. For a patient to be included in the retro-aortic rim height 

category, the measurement must be less than 9 mm.  

 

ASA 

Septum mobility was included in the classification system because it has been shown to 

have a large effect on device placement. Many journal articles have linked an ASA to 

increased risk of a stroke. Also, the PFO population has an increased percentage of 

ASA’s compared to the general population.31 A value of 10 mm was placed as a 

constraint based on the value which is consistent with the defined ASA criteria in this 

study.  
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Tunnel Length 

Tunnel length was included in the classification system because several devices have a 

fixed-center post. Long tunnels (irreducible) have the potential to adversely affect the 

performance of devices with a fixed center post.46, 57 A long tunnel can result in a residual 

shunt due to inadequate closure of the PFO and can also result in the device being pulled 

into the PFO tunnel. A constraint value of 10 mm was defined as the criteria for a long 

tunnel.  

 

Limbic Rim 

The limbic rim is defined as the entire rim of the secundum that forms the exterior edge 

of the ovale window.82 Measurements were able to be made for the inferior and superior 

limbic rim. An inclusion criteria of equal to or greater than 6 mm was selected for the 

limbic rim criteria. A thick limbic rim can increase the chance for incorrect device 

positioning leading to a residual shunt or device migration. 

  

Separation 

The separation of the primum and secundum at the opening to the left atrium was 

included in the classification system. A large atrial opening increases the risk of thrombus 

to cross the PFO due to the larger shunt size. For this reason, in the literature, the 

separation is also referred to as the PFO size.54,78,81 Several studies have reported 

population data for the separation. Using the data provided in the literature a constraint of 

4mm was defined.  
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Results: PFO Classification System # 1 

The results for the first classification are shown below. One surprising result is the 

number of patients that have a retro-aortic rim less than 9 mm. For the entire patient list 

(80 patients), 46% of them would be excluded from receiving an Amplatzer closure 

device based on this measurement. It is not known how many physicians follow this 

constraint, but if this is the case and the measurements are accurate, then the Amplatzer 

device is suitable for only 54% of the PFO patient population who are referred for 

closure.  

 

The results for the list of the thirty-two (32) classification categories are shown in Table 

12. The table shows the number and percentage of patients that meet the criteria for each 

of the anatomic classification categories. The large number of categories paired with 

relatively low percentages highlights the difficulty with using a binary system. There are 

only three categories containing greater than 6% of the patient population.  

 

Though the classification system provides a concise way to report results for each patient, 

the use of the binary system creates a rather ambiguous and complex classification 

system. For both the engineer and the physician, the results are difficult to analyze due to 

the inability to assess trends or identify critical categories of concern. The goal was that 

the system would be beneficial to both engineers and physicians. For the engineer 

determining what categories are critical to address with future device development, the 

results are inconclusive and scattered. Likewise, for the physician developing a decision 

tree for device selection and sizing, the results will make it difficult to create a concise 
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and effective recommendation system to be used industry wide. A second classification 

system is presented in the next section which attempts to address the ambiguous and 

complex results of the first classification system. 

 
Table 12 – Number of patients included in each classification category. A patient is included if the 
patient has the specific PFO anatomy measurements that exceed the set criteria to be included in the 
category.   

Category # of Patients % of Patients 
None 5 6.3%
ASA 4 5.0%
Tunnel 2 2.5%
ASA, Tunnel 2 2.5%
Aortic Rim 9 11.3%
ASA, Aortic Rim 1 1.3%
Tunnel, Aortic Rim 1 1.3%
ASA, Tunnel, Aortic Rim 1 1.3%
Limbic Rim 9 11.3%
ASA, Limbic Rim 4 5.0%
Tunnel, Limbic Rim 2 2.5%
Aortic Rim, Limbic Rim 0 0.0%
ASA, Aortic Rim, Limbic Rim 4 5.0%
ASA,Tunnel, Aortic Rim, Limbic Rim 2 2.5%
Separation 4 5.0%
ASA, Separation 2 2.5%
Tunnel, Separation 2 2.5%
ASA, Tunnel, Separation 1 1.3%
Aortic Rim, Separation 1 1.3%
ASA, Aortic Rim, Separation 2 2.5%
ASA,Tunnel, Aortic Rim, Separation 4 5.0%
ASA, Limbic Rim, Separation 0 0.0%
TL, Limbic Rim, Separation 3 3.8%
ASA, Tunnel, Limbic Rim, Separation 2 2.5%
Aortic Rim, Limbic Rim, Separation 1 1.3%
ASA, Aortic Rim, Limbic Rim, Separation 3 3.8%
ASA,Tunnel, Aortic Rim,  Limbic Rim, 
Separation 

2 2.5%
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SECTION 5 – HYBRID CLASSIFICATION SYSTEM 
 
 

Using a binary classification system like the first classification system described has 

many benefits and can serve as a powerful tool, though it also has limitations. The benefit 

of the system is that it allows the user to design the system using critical criteria that 

adversely affect device performance. By basing the system off of critical measurements, 

it creates clear categories and associated prevalence for factors that affect device 

selection. Many studies report averages and standard deviations. But even if two standard 

deviations are reported it is still unclear if those measurements that are more than two 

standard deviations from the average will affect device performance. By tying the study 

directly to the critical value and reporting the percentage of patients that exceed the 

standard set, it gives engineers and physicians a better understanding of appropriate 

device selection for a given patient.  

 

A downfall of the binary system is that as more factors are included the results become 

more general and ambiguous. In the first classification system, there were a large number 

of categories that had less than 5 patients in them. If the study was expanded to five or 

ten times the current size, a great distinguishing of results may occur, but including five 

categories produces results that are difficult to evaluate or draw conclusions from. 

 

By dividing the first classification categories into two sets of categories based on the 

anatomy that affects device function and the anatomy that affects device sizing, a second 
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classification system was created that was more efficient and concise. The hybrid system 

operates upon the principle that certain PFO characteristics dictate proper device 

selection, while others relate to device sizing. The first classification system did not 

distinguish these categories for creation of the system. The second classification is 

referred to as a hybrid classification system since it is a combination of anatomy that 

effect device function and sizing with the goal of proper device selection to improve PFO 

procedure outcomes. The hybrid system is shown in table 13.  

 

The device selection category of the hybrid classification still operates using a binary 

system with PFO features the same way as the first classification system. The main 

difference is that there are three categories instead of five. Like the first classification 

system, binary inclusion criteria were set that reflects the measurement value at which the 

anatomy has an adverse affect of device function. If the patient’s anatomic measurement 

for that category exceeds the set criteria, then that patient is included in that specific 

category. As discussed in the previous section, each of the PFO categories in the device 

selection category has the potential to compromise device function and cause adverse 

results when the measurement values exceed a certain threshold. It is critical for the 

physician to understand the effect that the tunnel length, retro-aortic rim length, and 

secundum thickness have on the outcome of the available PFO closure devices. Based on 

the measurement values of the three categories, the physician must choose a PFO closure 

device that can adequately address the PFO anatomy.  
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The device sizing category of the hybrid classification system allows the physician to 

properly choose the size of the device based on certain features. The device sizing is not 

binary, but rather would provide a guide for sizing. The slot width, often referred to as 

PFO diameter in the literature, affects the basic size of the PFO closure device. If the 

patient has an ASA (septum primum excursion of greater than 10mm), the device size 

will need to be increased. Likewise, if the PFO is fenestrated (multiple openings), then 

the device size will need to be increased. In certain cases, there are only a few PFO 

closure devices that are able to address the needs of a PFO with a fenestrated septum.  

Table 13 - Classification System Comprising of Device Selection and Device Sizing Criteria 

DEVICE SELECTION DEVICE SIZING 

Tunnel Length 
(>10mm) 

Slot Width 

Retro-Aortic Rim Length 
(<9mm) 

ASA 

Secundum Thickness 
(>6mm) 

Fenestration 

 

The classification system would be used like a flow chart. The device selection would be 

stage 1. Based upon the patient measurements, a recommended device or list of devices 

would be created. The physician would then determine if the patient had any of the 

features if the device sizing category that would affect the size of the PFO closure device.  

 

Device Selection 

The first feature included in the device selection category is tunnel length. Experience, 

literature, and case studies have shown that certain devices are affected by long tunnels 
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because they are unable to fully deploy in the left and right atrium. In extreme cases, the 

device remains or is pulled into the tunnel.67 A criterion of a maximum of 10 mm was set 

as the constraint for long tunnels. 

 

The second feature is the retro-aortic rim length. This feature has also been defined as the 

distance from the defect to the root of the aorta. If a patient has an insufficient rim length, 

there is potential for device erosion or the device is not able to anchor on the secundum. 

If the device is not able to be supported by the secundum, there is potential for the device 

to be pulled off the secundum and only be seated on the primum. 46, 58 

 

The third feature is the secundum thickness. As mentioned, if the patient has a thick 

secundum the device may be seated at an angle or the device may not have sufficient 

radial force to close the tunnel.41,44 For the classification system both the measurements 

for the limbic rim and secundum were used to determine if the patients met the 

categories. In the results below, the category is labeled limbic rim and is used to include 

patients with a thick limbic rim measurement or thick secundum measurement in the 

study. 

 

Though other features could have been included, the three that were chosen have the 

greatest impact on device performance. Argument may be made for other features such as 

fossa ovalis diameter. While other features have the potential to affect device 

performance, the three features included have the greatest impact on the device. 
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Device Sizing 

For many years, balloon sizing was the guide for device sizing. Recently, several articles 

have questioned whether device sizing is necessary.36 Often devices are oversized with 

little potential or risk of the device failing due to its inadequate size. Though there may 

be validity in the opinion that it is not necessary to size a device, there are certain PFO 

features that influence the device size greatly. 

 

For the physician using the hybrid system, the slot width would set a base device size. 

The slot width measured using TEE is similar to the balloon waist diameter. The one 

large difference is that the balloon diameter is a distorted representation of the PFO size 

due to stretching the slit-like opening into a round opening. Currently, not every patient 

in the study has a slot width measurement due to the difficulty obtaining the 

measurement. This is a current limitation of the study that will be discussed. In order to 

measure the slot width, it is required that a specific view be obtained that is not included 

for all the patients in the study. 

 

It should also be clearly noted, that the slot width is not the same as the separation that 

occurs between the septum primum and septum secundum in a TEE. The PFO tunnel is 

an ellipsoid opening with the minor axis relating to separation. The major axis, which is 

often referred to as PFO diameter, is the slot width. The slot width dictates device size 

because the device has to cover the entire PFO opening without risk of entering the 

tunnel if the device is offset in the tunnel (traditionally device size = 2 x diameter). 
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The slot width serves as a minimum device size. Once the physician has a baseline, the 

next two features indicate if the physician needs to increase the size of the device from 

the baseline. The first feature is the septal excursion distance (ASA). If the patient has an 

ASA (excursion > 10 mm into left or right atrium), the device size needs to be increased. 

A larger device will constrain the movement of the septal wall which will allow the 

device to stay seated against the septum and reduce the affect of the large movement on 

device placement.  

 

It may also be the case that a patient with an ASA would rule out the use of a certain 

device. From the device selection criteria, the physician may have a choice of two or 

three devices. However, not all devices are recommended to use with an ASA. Therefore, 

the physician would be able to rule out devices and determine proper size using the ASA 

criterion.  

 

The third feature is whether or not a patient has fenestrations. Like the ASA, fenestrations 

both affect device size and whether a device is suitable to be used. With a fenestration, 

device size should be increased and final device selection should be of a device that is 

designed or well suited to handle PFO fenestrations. 

 

Physician Use 

The hybrid system would most effectively be used by a physician if guidelines are 

created for each device. Each closure device would be evaluated and a recommended 

usage for each category would be created. This would allow the physician to first use the 
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device selection categories to determine which devices would be suitable for a patient. 

The physician would then begin the device sizing based on the sizing recommendation 

category. For an ASA, the physician would know to increase the size of the intended 

device. Also, it would be noted which devices are not recommended for use with an ASA 

or fenestration.  

 

The result of using the hybrid system would be that the physician can make device 

selection ideal for dealing with the associated patient anatomy, and would also have a 

guide for the size of device to select. The devices will be best suited for the anatomy first 

and properly sized second. The hybrid system allows for a two stage process that will 

eliminate some of the ambiguity of the 5-category binary classification system and 

provide a comprehensive procedure for device selection and sizing. 

 

Hybrid Classification System Results 

The results for the hybrid classification system results are below. The first group of charts 

is for the device selection portion of the classification system. There are eight possible 

categories for the device selection portion. As was not the case with the other 

classification systems, each category has at least one patient in it. The distribution of 

patients among the categories allows for defined and consistent categories to be created. 

Whereas with the other classification system there were so many categories that had only 

one or two patients that it was difficult to create defined categories.  

 



The largest categories were the patients that had thick limbic rims (secundums) and those 

with no anatomy that met the criteria. The category with the smallest percentage of 

patients was those that had both a long tunnel and deficient aortic rim only.  

Table 14 - Number of patients included in each hybrid classification category. A patient is included if 
the patient has the specific PFO anatomy measurements that exceed the set criteria (table 13) to be 
included in the category.   

Category # of 
Patients 

% of Study 
Population 

None 10 12.5% 

Tunnel length 9 11.3% 

Aortic Rim 17 21.3% 

TL,AR 4 5.0% 

Limbic Rim 14 17.5% 

TL,LR 10 12.5% 

AR,LR 12 15.0% 

TL,AR,LR 4 5.0% 
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Figure 5.23 – Results shown graphical from Table 14. The number of patients with PFO anatomy 
that exceed the set criteria to be included in the hybrid classification category are shown. 
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The second grouping of results relate to the device sizing category of the hybrid 

classification system. Because each category is viewed individually, the percentage of 

patients with each anatomic feature is reported.  

 

Table 15 – Results for device sizing category 

Fenestrations = 20% of Patient Population 
 

ASA Percentage = 35 % of Patient Population 

Slot Width Percentage by Measurement Grouping 

 0 – 10 mm = 7% : 20 mm Device 

 10 – 12.5 mm = 48% : 25 mm Device 

 12.5 – 15 mm = 35% : 30 mm Device 

 >15 mm = 10% : 35 mm Device 
 

 

It should be noted that the slot width values in table 15 are based on the 48 patients that 

had a slot width measurement. The slot width measurement was taken in only a select 

number of the patients due to inadequate views present. Though there is limited data, the 

slot width measurement is still included in the device sizing because it is the best 

measurement to understand the width of the PFO (balloon sizing diameter). A 

prospective study would be used to further quantify and validate the numbers presented 

in table 15.  
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Chapter 6 

 

DISCUSSION AND CONCLUSION 
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SECTION 1 - DISCUSSION 
 

PFO Classification System # 1 

The results of the first classification system highlights the complexity with classifying a 

PFO based on a given number of features. Using 5 features in the classification led to 24 

different categories with two or more patients associated with the category 

 

Hybrid Classification System 

The hybrid classification system has strong potential to describe the PFO anatomic 

features that affect device performance. By including both device selection parameters 

and device sizing guidelines, it can be used as a comprehensive tool by physicians. 

Because device performance can be affected by the size and type of device, it is the 

conclusion of this author that the hybrid classification system is the best method to 

characterize to PFO anatomy for device development and selection. 

 

A naming system for the classification would need to be created to allow physicians the 

ability to easily reference the PFO type. A general description such as 1, 2, 3 based on the 

measurement and A, B, C based on the feature based system could be used. The result 

would be a combination, such as a 2C or 3A PFO.  

 

The best comparison to the classification system proposed in chapter 5 is the 

classification systems reviewed from the literature. The classification system of 

Presbitero et al.76 included ASA (2 types), fenestrations, and long tunnels. The results 



123 

from the study were that consideration based on the classification system allowed for 

successful PFO closure.76 This is evidence that creating a classification system is 

beneficial and produces results that will limit the risk to the patient and reduce the 

presence of residual shunts. The hybrid classification system proposed differs from the 

Presbitero system in that it includes septum secundum thickness and aortic rim height. 

These two additional aspects help further reduce the risk of adverse advents due to aortic 

or free wall erosion by the device. The Presbitero study does take into account a thick 

secundum (Lipomatosis), but only by mentioning that it is relevant to PFO closure.76 A 

main advantage to the Hybrid System proposed is that it is set-up to give specific 

guidelines for device selection and sizing based on the categories. The Presbitero study is 

limited in its ability and includes a list of “additional features” that are relevant to the 

procedure giving guidelines for how to take the features into account. Any classification 

that is presented for use needs to have clear guidelines. For this reason, the hybrid 

classification system would have a decision tree associated with it. The decision tree will 

be proposed in the final procedural recommendations included in the conclusion, but will 

also be the source of ongoing research to be agreed upon by the doctors involved in this 

study.  

 

The second classification presented by El Said et al. includes the same features as the 

Presbitero. The El Said study was published before the Presbitero study, and though the 

Presbitero article does not reference El Said et. al. they are consistent in their definition 

of the classification system.45 As stated with the Presbitero study, the exclusion of septum 

thickness and aortic rim height is a limiting factor.45,76 Due to the adverse outcome of 
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PFO erosion through the aortic wall, and the inclusion of rim length by one of the top 

PFO closure devices on the market,58 it is necessary to include into the study. 

 

Both classification systems add validity to the hybrid system proposed. The benefit of the 

hybrid system is that it is associated with specific measurement criteria, clearly defined 

TEE planes, an associated decision tree, and an efficient but broad consideration of the 

most critical factors that affect device function, selection, and sizing. Furthermore it 

provides engineers with more information to create improved next generation PFO 

closure devices.  

 

As noted in the motivation for the classification system, a classification system addresses 

design issues and device performance in a way that presenting average data is not able to. 

The majority of the literature articles available have the intended purpose of linking a 

specific PFO anatomic feature to an increased risk of stroke, or migraine, or as a way to 

present general population data. The result of these studies is a furthering of the PFO 

field on the basis of links to stroke, migraine, or improved efficacy of a certain device 

compared to another, but it does not address an indicated needed for a comprehensive 

evaluation protocol and understanding of device/anatomy interaction. Furthermore, a lack 

of consistent definition for measurements and a lack of information of how the 

measurements were taken in TEE studies, make the need for a standardized protocol all 

the more necessary.   
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HK Method 

Another outcome of the classification system was a definition of a new sizing method 

that has not been previously reported in literature. The HK method shows strong promise 

in the ability to map out the slot width and left and right tunnel length. The results from 

the HK method correspond closely with the measurement of the SW in the angled 

(toward aorta) apical four-chamber view. These measurement techniques further improve 

the ability of the system to classify the anatomy. The results from the HK method 

correspond very well to literature on the anatomy of a PFO. In the article by Sweeney, the 

PFO is shown as having a crescent shape arch with different attachment locations. In the 

majority of the patients in which the HK method was used, the right and left tunnel 

lengths were asymmetrical. A benefit of the HK method is that it has the ability to take 

into account the curvilinear nature of the tunnel since the tunnel is “drawn” out over a 

heart cycle. A prospective study is necessary to validate the result, but for the current 

embodiment it is presented as a novel method for measuring the tunnel length and slot 

width of the PFO.  

 

As described the slot width can be correlated to balloon sizing based on the method 

presented by Alibegovic. By using the slot width as half the circumference and then 

calculating the diameter, the two measurements can be linked. The slot width will be 

undersized based on slot width being the major axis of the elliptical opening compared to 

a true slit like opening. Though this is the case, it is more important that the device be 

sized so that it is at least double the slot width to reduce the risk of device migration and 
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provide adequate coverage of the PFO by the device. Adequate coverage ultimately 

reduces the risk of residual shunts.  

 

Decision Tree 

The creation of a decision would need to be authored by Dr. Sommer based on his 

extensive experience and reputation within the transcatheter PFO closure field. The 

decision tree would be connected to the classification system as a practical tool for 

physicians. It would be a recommendation of device sizing, selection, and implantation 

based on the results of the classification system. Currently, each company provides an 

instruction for use and guidelines for their specific device, but the decision tree would 

serve as an industry wide recommendation. To eliminate the bias toward a specific 

device, the system would have to be created as a general tool and not tailored toward a 

specific device.  
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SECTION 2 - LIMITATIONS 
 

One goal of the retrospective analysis of the patient data was to determine the feasibility 

and highlight any additional changes to be made to a study before it is recommended for 

a prospective study. As with any research, limitations of the study were discovered.  

 

The first limitation is the use of TEE for measurements is highly dependent upon the 

user. Different frames, based on the viewing plane or position of the TEE probe, will 

result in different measurements. This limitation can be overcome by well defined 

landmarks that must be visualized for the measurements to be taken. 

 

Another limitation based on the use of retrospective studies is that not every patient had 

the desired views to make the appropriate anatomy. Certain views were not present in the 

patient work-ups which ultimately limited the ability to take certain measurements. Not 

every measurement was able to be made for each patient, and in several cases sub-

optimal view planes had to be used to record the desired measurements. Furthermore, an 

inherent limitation of TEE that was documented by Cabanes et. al. is the intraobserver 

variability.39 

 

Besides the limitations that relate to the imaging modality, the biggest limitation of TEE 

is the ability to show septum primum compliance. As documented in several of the 

sources cited, balloon sizing and device implantation reduces or completely resolves the 

tunnel length of a large majority of patients. Though the mobility of the septum can be 
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noted, the ability to accurately assess the compliance using TEE is not able to be 

performed until the procedure is being done. This is not ideal, since the basis of the 

classification system would be that it would be able to be performed during pre-

procedural analysis. The best way to show compliance with TEE is when the guidewire is 

across the PFO during the procedure. The degree that the tunnel deflects due to the 

guidewire relates to the tunnel compliance. The argument can be made that distortion of 

the tunnel by a device is not optimal and that devices should conform to the anatomy 

instead of the anatomy conforming to the devices. Though this may be the case for next 

generation devices, the majority of devices on the market deflect the septum primum 

effectively resolving the tunnel length in patients with compliant anatomy.64 According to 

Dr. Sommer, the ability to assess the compliance is key, because a non-compliant tunnel 

presents a high degree of difficulty for a large number of devices.  

 

The limitation of compliance is an issue that needs to be addressed for future 

development. One way to address the problem from literature is to measure the tunnel 

length at the max separation of the septum primum and septum secundum. During the 

classification study, the maximum overlap was measured to determine the longest length 

of the tunnel. By measuring the overlap at the point of max excursion or separation, a 

general understanding of the tunnel compliance is noted. Furthermore, several papers 

document a “hammock” shaped attachment of the PFO in the left atrium. By measuring 

the tunnel length at maximum opening (separation), a minimum tunnel length can be 

measured. The minimum length represents the minimum distance that the PFO naturally 

reduces to.  
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Though this is a claim, it needs to be validated by a future study with the caveat that out-

of-plane measurements can lead to short axis views of the tunnel. Also, the tunnel 

openings in the right and left atrium do not lie in the same plane with the tunnel taking a 

curvilinear shape. This makes taking accurate tunnel lengths in a single plane nearly 

impossible and highlights the advantage of the HK method.  

 

The main limitation to the HK method is that it has not been presented in literature. In 

order to be validated, the method needs to be presented and evaluated both by the parties 

involved with the classification system and the scientific community as a whole. The 

method shows great promise in describing the tunnel length and slot width. Though this 

is the case, until the method is validated it remains a novel concept with limited adoption 

by the PFO closure community.  

 

Though the limitations that were listed above exist, most of them are inherent to every 

study dealing with TEE measurements. Several of the limitations could be addressed in a 

prospective trial that would further validate or disprove assumptions that were made. 

More data could then be gathered to support the validity of the classification system.  

 

One benefit of the classification system is that it documents the prevalence of extreme 

cases on combinations. Furthermore, the classification system is built on the principles of 

how devices function in varying PFO morphology. The classification system provides a 

solid foundation to incorporate any updates or improvements that would be made during 

a prospective study. 
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SECTION 3 - CONCLUSION 
 

The result of the PFO system was the creation of a structured classification system based 

on device function and device sizing. Though the classification as described is tailored 

toward physicians during a PFO closure procedure, the classification system also 

describes the anatomic constraints that must be taken into account for next generation 

devices. A description of the final recommended classification system and measurement 

method is described below. 

 

Definitions 

Due to the ambiguity that exists in the literature regarding the description of PFO 

morphology, a guideline is set forth to be adopted as an industry standard. 

 ASA – As defined it is an excursion of the septum primum into the left or right 

atrium of greater than 10 mm from a centerline drawn from the tip of the septum 

secundum to the tip of the septum primum. The measurement can be made in any 

view.  

 Long Tunnel – A long tunnel is defined as a non-compliant tunnel that is greater 

than 10 mm in length and demonstrates minimum compliance when a guidewire 

is passed through the PFO. The measurement can be made using the HK method 

in the intermediate view, or measured in the plane that demonstrates maximum 

separation between the septum primum and septum secundum.  

 Secundum thickness – A thick limbic rim is demonstrated in the bicaval view 

with the IVC and SVC clearly defined.  
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Measurement Recommendations 

The sizing method using TEE should follow the general guidelines listed below. 

1. Go to the Ao view ensuring that the aortic root is present (en face). From this 

view measure each side of the septum secundum per the procedure described in 

the measurement section. Calculate the retro aortic rim height. 

2. While in the Ao view, measure the septum mobility and max separation of the 

septum primum from the septum secundum. In the image of maximum separation, 

measure the septal overlap. If the septum is aneurysmal, document attachment 

type as wide orifice, proximal only, or intermediate. Record if any fenestrations 

are present. 

3. Transition to the bicaval view. Measure the secundum and note if a thick limbic 

rim exists. If it exists designate whether it is inferior or superior. Measure septum 

mobility and again determine the maximum separation and septal overlap.  

4. Move to the intermediate plane. Follow the HK method to determine slot width 

and PFO tunnel length. Again, check for fenestrations, separation, and septum 

mobility.  

 

Classification System 

A successful classification system was made based on the PFO morphology that affects 

device function, selection, and sizing. The morphology that affects device function was 

identified as a long, non-compliant tunnel, thick septum secundum, and short retro-aortic 

rim length. The PFO features that affect the device sizing is an ASA, fenestration, and 

overall slot width.  
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The strength of the classification system is that it defines a framework for all other 

studies to incorporate. Though 3D TEE may replace TEE as the “gold standard” of 

identification and sizing of a PFO, the classification system would still be useful. 

Adoption of better visualization techniques such as 3D TEE will only help validate and 

refine the classification guidelines. By providing a classification system that does not 

have to be tied to specific sizing modality, the classification system can dynamically shift 

as the field progresses.  

 

Furthermore, the study identified two new possible measurement techniques to assess 

tunnel length and slot width of a PFO. The HK method provided consistent slot width 

measurements when compared to measuring the slot width directly. No other study has 

provided a method to measure the slot width without using a sizing balloon.  

 

As mention, another dynamic aspect of the classification system is in its ability to address 

the device selection by physicians, but also device development by engineers. The project 

was sponsored by St. Jude. The system was used by St. Jude to create bench top models 

that analyzed the strengths and weaknesses of the Premere closure device. The 

classification system was able to be tailored specifically toward the Premere (not 

described due to confidentiality) and added in the proposed development of next 

generation devices. The system provided a basis for developing new prototypes for the 

engineers involved.   
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St. Jude used the developed classification system and analysis program along with 

knowledge of their own device to make decisions about next generation devices. The 

system along with research from clinics, bench top models, and research and 

development activities, provided the engineers the tools necessary to efficiently build and 

test new devices. 

 

Ultimately this is the goal of any design system. The desire is to unify all data that is 

gathered in order to make better engineering decisions and develop products that provide 

improved outcomes for the patients. This ultimate goal was the vision that the team 

started with during the initial stages of virtual reality research. The team furthered the 

vision by creating partnerships with the University of Minnesota, industry, leading 

academic institutions, and with experts in the field. Through the partnerships, several 

grants were applied for and awarded that is the basis for ongoing research. Beyond 

research and grants, the team created virtual heart models from CT data that was 

imported into a virtual reality environment.  

 

Finally, the design of medical devices is a dynamic and changing field. With the need for 

shorter time to market and improved clinical outcomes, engineers have the need for better 

tools for effective design. The creation of a virtual reality based medical device system 

would address the needs of the engineer by enhancing the knowledge of anatomic 

structures, provide a system to virtual test and prototype designs, enhance the 

visualization of complex analysis, and allow the engineer a more efficient feedback loop 

ultimately saving the company time and money.  
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The classification system highlights the complexity that is associated with each 

implantable medical device development. The engineer must take into a wide range of 

patient anatomy for design, but ultimately understand the limitations of the device to 

accommodate the entire patient population. The classification system describes the 

anatomy that affects device function as well as providing the prevalence of occurrence 

for the study described. Understanding the limitations of devices based on a well defined 

and document classification system will ultimately lead the engineer to design better 

devices and physicians to improve procedural outcome based on improved guidelines for 

device selection and sizing. 
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Appendix A 
 

PFO CLASSIFICATION RESULTS 
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Data Average and Standard Deviation 

   
Average 

(mm) 
Std 

(mm) 
+2Std 
(mm) 

-2Std 
(mm) 

L->R 5.8 3.3 12.4 -0.9 

R->L 7.8 3.9 15.5 0.1 Septum 
Mobility 

ASA # Patients 28 
% of 
Tot 35% 

Angle 65.8 17.5 100.8 30.9 
Height 9.0 2.4 13.8 4.3 Secundum 

T 5.3 1.4 8.2 2.5 
Limbic Rim (S) 6.2 1.2 8.5 3.8 

Limbic Rim 
Limbic Rim (I) 7.3 2.2 11.6 2.9 

SVC 21.4 5.6 32.6 10.2 
Fossa 

Ao 19.1 4.8 28.8 9.4 

R 4.9 2.9 10.7 -0.9 
Max Separation L 3.6 1.7 7.1 0.1 

SVc 12.8 3.6 20.1 5.5 
Ao 11.3 3.0 17.3 5.2 Septal Overlap 

Int 13.3 3.7 20.7 5.8 
Atrial Septal Width 33.9 6.7 47.3 20.4 

Distance to MV 
Fossa Width 19.0 8.0 35.0 3.0 

  Distance to SVC 15.5 4.4 24.3 6.7 

  Fenestration (Y/N) Y 17 N 61 

  Adjacent 3.9 2.6 9.1 -1.3 

  Distance 19.5 7.0 33.6 5.5 

  Slot Width 13.2 3.1 19.5 7.0 
L (HK Method) 9.9 3.4 16.8 3.0 

R (HK Method) 12.2 4.3 20.7 3.6 HK Method 

W (HK Method) 12.6 2.2 16.9 8.2 

Shunt Direction R->L 24 L->R 13 Bi-Directional 40

Trivial 13 Small 16 
Max Shunt Size by BCI 

Moderate 8 Large 27 
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Appendix B 
 

CLASSIFICATION PROGRAM EXPLANATION 
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Classification Program  

The excel spreadsheet is designed to input patient data, create classification systems, 

display data, and present analysis. The spreadsheet has a series of macros that link 

datasheets. Many of the datasheets are protected so that equations and data do not get 

changed. Also, the individual sheets are hidden so that the individual sheets are not easily 

accessed by any one user. All sheets that are important for the creation of a classification 

system or reviewing the data have been linked to one of the buttons (that accesses the 

macros). Below is an explanation of each sheet. The explanation should be read careful 

so the user is able to maximize the effectiveness of the program as well as produce 

accurate results.  

 

Main Menu 

The main menu allows the user to access all the main spreadsheets. All the spreadsheets, 

graphs, and other forms link back to the main menu.  

 

New Patient Entry: New patient data is entered and stored in the main database. Also, 

prior patient information can be edited if necessary. 

 

Data Analysis: Includes averages, standard deviation, and range for ±2 standard 

deviations for all major data categories 

 

Create Classification: Allows the user to select desired classification characteristics. User 

inputs constraints for each characteristic. 
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Retrieve Patient Data: Allows the user to select a patient from a drop-down list. Once a 

patient has been selected the patient data will populate the table. 

 

View Data Sheet: Allows the user to view the data sheet. Data is locked and not able to 

be edited. 

 

View Graph Sheet: View graphs of data. The graphs included general distribution of 

values, histograms, and several graphs that show relationships between data categories. 

New Patient Entry 

 

The entry form allows the user to input all data recorded from the PFO measurement 

form. The data entered in the form is saved to the main database. Several categories have 

an arrow/drop-down menu. The categories include: aneurysm type, triangle/round, views, 

shunt direction, max shunt size, and fenestration.  

 

One important note is that when entering fenestration distances, only one measurement 

for the adjacent and distant categories should be entered. If multiple entries are recorded, 

the data analysis portion of the other spreadsheets will not work as well. Include any 

additional fenestration measurements in the description. Also, before any button can be 

selected, the user needs to make sure that the cursor is no longer inside the cell. To ensure 

this, click out of the data form and then select the other buttons. 
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Save Entry 

There are several options at the bottom of the input form. The save entry button saves the 

inputted data to the data sheet. Because the program is quite large and there are many 

processes/equations that are running, therefore it may take 10-20 seconds to save the 

data. There are three message boxes that may appear once the save entry button has been 

selected. 

 

1. Once the data has been saved, a message box will appear informing the user that 

the entry has been saved.  

2. If the Patient ID box is blank, a message box will appear asking the user to enter 

data. 

3. If the Patient ID box contains the ID of a patient already in the database, a 

message box will appear that instructs the user to use the “edit patient data” 

button instead. 

 

Clear Form  

The clear form button clears the data form so the next patient can be entered. 

 

Edit Patient Data 

If it is desired that a previously saved patient needs to be edited, then the patient data can 

be retrieved. Once the “patient to edit” box has been selected, a drop-down menu will 

appear with a list of all the patients in the data base. Once a patient has been selected, the 
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“edit patient data” button will populate the input form with the patient data. Once the 

desired fields have been changed, the save edits button will make the desired changes.  

 

Data Sheet/Patient Data/Main/Classification 

The remaining buttons allow the user to navigate to the other sheets in the program. 

 

Classification Form 

The classification form is one of the main features of the program. The classification 

form allows the user to select which anatomic features will be included in the 

classification system. The user then determines what constraint to place on the feature. 

Once the anatomic features and values have been selected, the program creates the 

classification.  

 

The program works on a binary system; either the patient does or does not have the 

feature. The program calculates all possible combination of the anatomic features 

included. It then separates out the patient that fit the category, records the number of 

patients, and the percentage of patients that have the defined characteristics. The results 

are displayed in a table that represents the binary system.  

 

Before the user creates a classification, it is important to understand what each anatomic 

category and constraint represents. Below is an explanation of each anatomic feature 

included.  
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ASA  

The ASA category is a measure of the mobility of the septum primum. The excursion of 

the primum into the left and right atrium was recorded in the data sheet. In the literature, 

an ASA is defined as an excursion of > 10mm into the left or right atrium from a 

centerline drawn from the tip of septum secundum to the tip of the septum primum. 

Though 10 mm is the recommended value, the user may choose to define a value that is 

greater than or less than this value. A patient will be included that has an excursion value 

of (either L→ R or R→L) that is greater than the defined constraint. 

 

Tunnel Length  

 The tunnel length is a measure of the measured tunnel length either by the HK method or 

by septal overlap. A patient will be included when the tunnel length is greater than the 

defined constraint. Because the HK tunnel length was not able to be measured for every 

patient, septal overlap is included as well. The program identifies patients that have both 

the right and left tunnel greater than the constraint. If the HK tunnel length measurement 

is not recorded for the patient, then the program checks the overlap of the patient. 

Because the septal overlap varies in the 3 views (SVC, AO, Int), the patient must have 2 

of the 3 measurements that exceed the user defined constraint.  

 

Limbic Rim  

The limbic rim was measured in patients that had a noticeably thick inferior or superior 

limbic rim (the superior rim refers to the secundum). During analysis, only patients with 

thick limbic rims would have the limbic rim measurement recorded. It can be assumed 
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that if a patient has a thick inferior rim, that the patient will also have a thick superior 

rim. Patients are only included that have a limbic rim thickness (either superior or 

inferior) that is greater than the defined constraint. For the purpose of the main 

classification system, a value of 5 mm will be used. 

  

Fenestration  

If the fenestration category is selected, patients will be included that has any fenestration. 

This is a binary category. When the fenestration is chosen to be part of the classification 

system, patients are either included or excluded on the basis of whether or not a 

fenestration was observed.  

 

Fossa  

The fossa is a measurement of the ovale window. In the analysis, the fossa was measured 

in the Ao and SVC view. If both measurements are made, they both must be greater than 

the defined constraint. If only one measurement was recorded, the patient is included if 

the value exceeds the constraint. The fossa measurement may be included in a 

classification system if there is concern that the device may be smaller than the ovale 

window. In this case, the majority of the device would be positioned on and supported by 

the thin primum. There is some evidence that a thick secundum will increase the 

possibility that the device will rest on primum when the ovale window is larger than the 

device. 
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Separation  

The separation is the measured maximum distance between the secundum and primum at 

the opening of the PFO in the left atrium. It is important to note that several literature 

articles define separation as PFO size. With this being the case, it is critical to understand 

that the separation of the primum and secundum does not correspond to a diameter using 

balloon sizing or the slot width (width of the tunnel). A patient is included in this 

category if the separation is greater than the defined constraint. Several literature articles 

define a large PFO as have a separation anywhere from 2-4mm. Other articles listed the 

average separation as greater than 5 mm. For the purpose of the classification system, it is 

recommended that the value be between 4-6mm.  

 

Slot Width  

Slot width is a measure of the width of the tunnel. When looking at the opening of a PFO, 

the cross-section will be elliptical. The slot width is the major axis of the ellipse. A 

simple way to think of it is to imagine that the PFO is collapsed so that the opening 

resembles a slit and the cross-sectional shape (along the tunnel) is a rectangle. The width 

of the slit or rectangle is the slot width. The value for the slot width is similar to diameter 

measured by balloon sizing; though the balloon sizing diameter is the distorted slot width. 

If the slot width is larger than one half of a device, the device may have the risk of 

entering the tunnel. Understanding the nature and size of the device will determine a 

constraint for the slot width. Only the patients that have slot widths that are greater than 

the defined constraint are included (designated with an X) in the category. It should be 
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noted that the slot width was not able to be measured for more than half (50%) of the 

patients.  

 

Aortic Rim  

The aortic rim is also referred to as retro-aortic rim. The aortic rim measurement is the 

distance from the tip of the secundum to the aortic (valve) root. The aortic rim constraint 

is different from the other measurement categories in that a patient is only included when 

the aortic rim is LESS than the defined constraint. AGA does not recommend the use of 

any device with patients that have an aortic rim that is less than or equal to 9mm.  

 

Secundum  

The secundum category has two possible constraints. The first constraint is thickness. 

The thickness of the secundum was measured in the SVC view and represents a different 

part of the limbic rim than the superior measurement that was made. The second option is 

angle. The angle of the primum with respect to the secundum was measured in the Ao 

view. A graphic of the measurement is provided below for clarity (fig. 8). The angle is 

measured in degrees. For larger secundum angles, the device is not able to sit parallel as 

would be ideal. The user can decide to define a constraint for only one or both. If both are 

defined, the patient is included if the measured values are greater than the constraints 

defined for thickness and angle.  

 

The user should select 3-5 measurement categories and define constraint values for each. 

The selection of 3 anatomic features will create a classification with 8 categories, 4 
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anatomic features will create a classification of 16 categories, and 5 anatomic features 

will create a classification of 32 possible categories. It should be noted that there may be 

categories that do not have any patients that fit the designated criteria. 

 

Once the constraints have been defined, the user must select the “create classification” 

button to populate the table and provide results. The results are able to be viewed in pie 

chart or bar chart by selecting the “view classification charts” button.  

 

Retrieve Patient Data 

The retrieve patient data sheet is similar to the feature used to edit patient data. If it is 

desired that a certain patient data set is reviewed, the user can select the patient from a 

drop-down menu at the top of the screen. Once the patient is selected, the patient data is 

displayed in the measurement form.  

 

It is important not to change any of the formulas or values inside the cell. Deleting or 

changing the value/formula will cause the sheet to not operate properly. The sheet is not 

locked to enable the user to select multiple patients in a row.  

 

Data Analysis 

The data analysis sheet show all the averages and standard deviations for all the anatomic 

features included in the study. The sheet is automatically updated as data is entered. The 

user should be careful not to edit any of the cells or formulas. The range of ± 2 standard 

deviations is also calculated. The averages and standard deviations are a good measure of 
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the range of data that can be included in the classification. They also serve as a general 

indication of PFO anatomy and the data population. 

 

Data Sheet 

The data sheet button allows the user to view all the patient data. The spreadsheet is 

locked and will not allow the user to make any changes to the data. Any changes should 

be made using the patient entry sheet. 

 

Graph Sheet 

The graphs sheet has three main categories of graphs. The first category is the overall 

distribution of the data for all the anatomic features. The graphs show how the collected 

data is distributed from the smallest measurement to the largest measurement. Once the 

button is selected to view the graph corresponding to a particular anatomic feature, the 

graph will appear in a separate sheet.  

The second category is a collection of histograms and cumulative percentages for the 

data. The histogram is a bar chart with the anatomic data broken into increments. The 

chart presents the number of patients with a measurement that falls into each incremented 

range. Also included on the histogram is a cumulative percentage line. The line 

represents the total number (percent) of patients that have measurements that are less than 

or equal to each incremented range. The last increment will represent a 100% cumulative 

total. 
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The third category is limited to four graphs. Each graph represents two measurements 

that have been plotted against each other to determine if a relationship exists. This is not 

an exhaustive list and is only meant to give the user an idea of what anatomic features 

can be plotted together to determine a possible relationship. If other graphs are desired, 

then the user can create graphs using the datasheet of all the patient data. 
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Appendix C 
 

PFO STUDY SCORESHEET 
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KEY TO GRADING 

First study will be HK001, if patient’s name is Helen Ko.  Next patient, Robert Sommer, 

RS002. 

1. Septum primum mobility measured from left to right and right to left from a 

centerline drawn from the tip of the septum secundum to the septum primum. Record 

both the right to left and left to right excursion distance. Aneurysmal is defined as 

excursion of >=10mm either into the right or left atrium.  

 

2. Septum Secundum – Measured in the Ao view. The shape of the secundum is 

defined as either a triangle or round. If it is a triangle, record the measurements for length 

of secundum on the right atrium side (RA), the length of the secundum on the left atrium 

side (LA), and the base (W). The base is defined at the end of the septum primum. 

 

If the secundum in the Ao view is round, the width, right side, left side, and thickness of 

the secundum are measured. The width is measured in the same manner as the triangular 

secundum width. The thickness should be measured with a line that is tangent to the 

round tip of the septum secundum. The sides should be measured from the edge of the 

width line (measurement) to the edge of the thickness measurement. The resulting four 

measurements will form a trapezoid that bounds the round shape of the secundum. 

 

3. Fossa measurement – Defined as the distance between the tip of the septum 

primum and septum secundum. Record the distance for the SVC and Ao view only.  
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4. Maximum separation = distance from septum secundum to septum primum at 

maximal excursion. Record the maximum separation at the tip of the secundum in the 

right atrium (R) and the maximum separation at the tip of the septum primum in the left 

atrium (L). Record the plane of imaging that the measurements were made.  

 

5. Septal overlap – Defined as the distance of overlap between the septum primum 

and septum secundum. Record the max overlap measurement for the SVC, Ao, and 

intermediate views, where applicable. 

 

6. Distance to Mitral Valve is approximated by the fossa width (distance between 

secundum and primum) and atrial width (distance from top of atrium to base of MV) in 

the four chamber view.  

 

7. Distance to SVC - taken in the bicaval view (SVC view) from the tip of the 

septum secundum, along the axis of the secundum, to the orifice of the SVC. 

 

8. Max shunt size by bubble contrast injection (BCI): 

a. < 5 bubbles in one frame = Trivial 

b. 5 – 10 bubbles in one frame = Small 

c. 11 – 20 bubbles in one frame = Moderate 

d. 20 + bubbles in one frame = Large 

 

9. Additional fenestrations considered distant to PFO. 
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