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Abstract
Surgical education methods have largely followed the traditional
Halsted’s model of “see one, do one, teach one” [1]. While at the same
time surgery has seen rapid development in a wide range of novel surgery
techniques and tools, resulting in more complex and demanding
procedures for the surgeons. This is especially true for the surgical
treatment of cardiovascular diseases, where the emergence of minimally
invasive cardiovascular interventions is pushing the boundaries in terms
of technological possibilities but also in terms of a complex skillset that
is required from surgeons performing such interventions. Thus, the “see
one, do one, teach one” model should be enhanced with a lot of practice
between each step. There is a push towards more simulation-based
methods, however, their widespread adoption has been difficult. Two key
challenges remain that manifest themselves in the lack of realistic
simulators that combine benefits from physical and virtual technologies
and the lack of tools to achieve a more objective performance/skill
assessment of aspiring physicians. Thus, the objectives of this thesis are
threefold: (I.) develop and validate augmented physical simulators for the
following minimally invasive cardiovascular interventions: the
transseptal puncture procedure, mitral valve repair interventions, such as
the MitraClip procedure, and the transcatheter aortic valve implantation
procedure. (II.) Investigate eye tracking technologies as a tool to
objectively assess the visual behaviour of expert physicians and
investigate the potential usage of it to measure objective performance
assessment metrics. (III.) Demonstrate on a platform the combined
benefits of augmented physical simulators enhanced with objective
performance assessment methods.
In objective (I.) we developed three augmented physical simulators
that were used in various training courses of aspiring physicians. In the
scope of a validation study 14 physicians tested and trained on the
transseptal puncture simulator and assessed its face and content validity.
The main findings were that the augmented physical simulator was rated
better than most comparable platforms, especially regarding its overall
impression, realistic haptic perception and usability for training. Another
important advantage of augmented physical simulators is the possibility
vii
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to use and test existing as well as new tools and surgical techniques. We
demonstrated this with the TAVI simulator, which we used to test a new
surgical technique for the Portico system.
In objective (II.), the investigation of expert visual behaviour
strategies we conducted a study involving 5 operators performing a total
of 33 cardiovascular interventions. With mobile eye tracking glasses, we
recorded where the operators were looking throughout the entire
procedure. The main findings of this study were that the physicians
exhibit characteristic visual behaviour patterns for specific interventional
routines and importantly that these routines differed between expert and
novice physicians. These findings suggest that visual behaviour patterns
could potentially be exploited to create an objective assessment tool based
on eye tracking data with expert visual behaviour being a desirable
characteristic that should be learned by aspiring physicians. Further,
based on the same data set the usage of fluoroscopy was investigated by
employing automated data analysis based on machine learning
algorithms. We were able to show for the first time that a significant
amount of the administered radiation is potentially avoidable in
fluoroscopically guided interventions. These findings motivate the
sensitisation of physicians to the correct and proper usage of current
fluoroscopy systems and point out how future generation systems could
potentially monitor and improve the radiation dose usage, thus,
potentially significantly reducing the amount of radiation the patients, as
well as the staff, are exposed to in cardiovascular interventions.
Finally, to address objective (III.) the mitral valve repair simulator was
developed to demonstrate the combination of an augmented physical
simulator with the capabilities of measuring performance metrics
objectively, such as the automatic assessment of the fluoroscopy usage
based on eye tracking technologies.
In conclusion, the results of this thesis directly contribute to a more
simulation-based education of minimally invasive cardiovascular
interventions and demonstrate the potential for objective performance
assessment methods. Widespread adoption of simulation-based training
with proper simulators in combination with objective assessment methods
will likely raise the quality of care, improve surgical outcome and
ultimately improve patient safety.
viii

Zusammenfassung
Chirurgische Ausbildungsmethoden sind weitgehend dem
traditionellen Halsted’schen Modell von "see one, do one, teach one"
gefolgt [1]. Gleichzeitig hat die Chirurgie eine rasante Entwicklung bei
einer Vielzahl neuartiger chirurgischer Techniken und Instrumente erlebt,
was zu komplexeren und anspruchsvolleren Verfahren für die Chirurgen
führte. Dies gilt insbesondere für die chirurgische Behandlung von HerzKreislauf-Erkrankungen, wo das Aufkommen von minimal-invasiven
kardiovaskulären Eingriffen die Grenzen in Bezug auf die
technologischen Möglichkeiten, aber auch in Bezug auf die komplexen
Fähigkeiten, die von Chirurgen, die solche Eingriffe durchführen,
verlangt werden, verschiebt. Daher sollte das Modell "see one, do one,
teach one" mit viel Übung zwischen den einzelnen Schritten erweitert
werden. Es gibt einen Vorstoß in Richtung simulationsbasierter
Methoden, doch ihre breite Anwendung ist schwierig. Zwei zentrale
Herausforderungen bleiben bestehen, die sich im Mangel an realistischen
Simulatoren manifestieren, die die Vorteile von physischen und virtuellen
Technologien kombinieren, und im Mangel an Werkzeugen, die eine
objektivere Leistungs-/Fähigkeitsbewertung von angehenden Ärzten
ermöglichen. Die Ziele dieser Arbeit sind daher dreifach: (I.)
Entwicklung und Validierung von physikalisch augmentierten
Simulatoren für die folgenden minimal-invasiven kardiovaskulären
Eingriffe: die transseptale Punktion, Mitralklappenreparaturen, wie z. B.
das MitraClip-Verfahren, und die Transkatheter-AortenklappenImplantation. (II.) Untersuchung von Eye-Tracking-Technologien als
Werkzeug zur objektiven Beurteilung des Sehverhaltens von Fachärzten
und Beurteilung dieser Technologien für die potenzielle Verwendung zur
Messung objektiver Leistungsbewertungsmetriken. (III.) Demonstration
der kombinierten Vorteile von physikalisch augmentierten Simulatoren,
die mit objektiven Leistungsbewertungsmethoden ausgestattet sind, auf
einer Plattform.
In Ziel (I.) haben wir drei physikalisch augmentierte Simulatoren
entwickelt, die in verschiedenen Ausbildungskursen für angehende
Mediziner eingesetzt wurden. Im Rahmen einer Validierungsstudie
wurde der Transseptalpunktionssimulator von 14 Ärzten getestet und
ix
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seine Gesichts- und Inhaltsvalidität bewertet. Die Hauptergebnisse waren,
dass der physikalisch augmentierte Simulator besser bewertet wurde als
die meisten vergleichbaren Plattformen, insbesondere hinsichtlich des
Gesamteindrucks, der realistischen haptischen Wahrnehmung und der
Nutzbarkeit für Trainingszwecke. Ein weiterer wichtiger Vorteil von
physikalisch augmentierten Simulatoren ist die Möglichkeit, sowohl
bestehende als auch neue Werkzeuge und Operationstechniken
einzusetzen und zu testen. Dies haben wir mit dem TAVI-Simulator
demonstriert, mit dem wir eine neue Operationstechnik für das PorticoSystem getestet haben.
Im Ziel (II.), der Untersuchung der visuellen Verhaltensstrategien von
Experten, führten wir eine Studie mit 5 Operateuren durch, die insgesamt
33 kardiovaskuläre Eingriffe durchführten. Mit einer mobilen EyeTracking-Brille zeichneten wir auf, wohin die Operateuren während des
gesamten Eingriffs blickten. Die Hauptergebnisse dieser Studie waren,
dass die Ärzte charakteristische visuelle Verhaltensmuster für bestimmte
Interventionsroutinen aufwiesen und, was wichtig ist, dass sich diese
Routinen zwischen Experten und Novizen unterschieden. Diese
Ergebnisse deuten darauf hin, dass visuelle Verhaltensmuster potenziell
genutzt werden könnten, um ein objektives Bewertungsinstrument auf der
Grundlage von Eye-Tracking-Daten zu erstellen, wobei das visuelle
Verhalten von Experten eine wünschenswerte Eigenschaft ist, die von
angehenden Ärzten erlernt werden sollte. Des Weiteren wurde auf Basis
desselben Datensatzes die Nutzung der Durchleuchtung durch den
Einsatz automatisierter Datenanalyse mit Hilfe von Machine-LearningAlgorithmen untersucht. Wir konnten erstmals zeigen, dass ein
signifikanter Anteil der verabreichten Strahlung bei fluoroskopisch
geführten Eingriffen potentiell vermeidbar ist. Diese Ergebnisse
motivieren die Sensibilisierung von Ärzten für die korrekte und
ordnungsgemäße Verwendung aktueller Durchleuchtungssysteme und
zeigen auf, wie zukünftige Durchleuchtungssysteme die Verwendung der
Strahlung potenziell überwachen und verbessern könnten, wodurch die
Strahlenmenge, welcher Patienten und Personal bei kardiovaskulären
Eingriffen ausgesetzt sind, potenziell deutlich reduziert werden könnte.
Schließlich wurde zur Erreichung des Ziels (III.) der
Mitralklappenreparatursimulator entwickelt, um die Kombination eines
physikalisch augmentierten Simulators mit den Möglichkeiten der
x

objektiven Messung von Leistungsmetriken zu demonstrieren, wie z. B.
die automatische Bewertung der Durchleuchtungsnutzung auf der
Grundlage von Eye-Tracking-Technologien.
Zusammenfassend lässt sich sagen, dass die Ergebnisse dieser Arbeit
einen direkten Beitrag zu einer stärker simulationsbasierten Ausbildung
von minimalinvasiven kardiovaskulären Eingriffen leisten und das
Potenzial für objektive Leistungsbewertungsmethoden aufzeigen. Eine
weit verbreitete Einführung von simulationsbasiertem Training mit
geeigneten
Simulatoren
in
Kombination
mit
objektiven
Bewertungsmethoden birgt grosses Potenzial um die Qualität der
Behandlungen zu erhöhen, die chirurgischen Ergebnisse zu verbessern
und letztendlich die Sicherheit und Versorgung der Patienten zu
verbessern.
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Nomenclature
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Computed tomography
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Interventional routine
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Light-emitting diode
Left ventricle
Left ventricular outflow tract
MitraClip procedure
Minimally invasive surgery
Magnetic resonance imaging
Mitral valve repair
Objective structured assessment of technical skills
Percentage dwell time
Polylactic acid
Polyvinyl alcohol
Polyvinyl chloride
Right atrium
Region convolutional neural network
Standard deviation
Superior vena cava
Transcatheter aortic valve implantation
Transesophageal echocardiography
Transcatheter heart valve
True-positive rate
Transseptal puncture
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Nomenclature

USZ
VR
WHO

University Hospital Zurich
Virtual reality
World Health Organisation

Physical Units
AK
DAP
Gy

Air kerma [mGy]
Dose area product [mGycm2]
Unit of absorbed radiation dose, [Gy] = [J/kg]

Symbols
sp(t)
smax
t
tc
te

xiv

Position of the linear motor stator head
Maximum displacement of the linear motor stator head
Time variable
Compression (systole) time constant
Expansion (diastole) time constant

1 Introduction
Cardiovascular interventions is a broad and expanding field that
requires highly skilled physicians with experience and a specific set of
cognitive and technical skills. The emergence of novel and more complex
cardiovascular interventions is changing work practices and challenging
the way physicians are trained and prepared for these new procedures.
Simulation-based training coupled with objective performance
assessment seems to be an effective approach to prepare physicians
adequately for these challenging interventions [2].
Therefore, this chapter places the development of cardiovascular
training simulators and novel objective performance assessment methods
in the context of cardiovascular diseases (CVDs), surgical education and
technologies such as mobile eye tracking and three dimensional (3D)
printing.
First, the worldwide burden and prevalence of CVDs is explained
(Section 1.1). Second, treatment options for CVDs, namely minimally
invasive cardiovascular interventions and their rapid technological
improvements are explained, followed by a description of three minimally
invasive procedures relevant for this thesis: the transseptal puncture
(TSP) procedure, the MitraClip procedure (MCP) and the transcatheter
aortic valve implantation (TAVI) procedure (Section 1.2). Third, in
Section 1.3 surgical training methods and how complex cardiovascular
procedures are taught to aspiring surgeons are described. A focus is
placed on simulation-based training approaches and the challenge of
objectively measuring trainees' performance (Section 1.4). The state of
the art and application of physical, virtual and augmented cardiovascular
training simulators is described, as well as the application of new
manufacturing capabilities such as 3D printing in this field and the
enormous potential they hold for improving cardiovascular simulators.
Fourth, performance assessment methods in surgical education are
explained and a new assessment method, mobile eye tracking, is
introduced (Section 1.5).
Chapter 2 elaborates on the shortcomings of the traditional surgical
education model, the current state of the art of cardiovascular training
simulators and on the methods used to assess the performance of aspiring
1
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physicians. Further, the objectives of this thesis are outlined, which are
based on the previously described shortcomings. In Section 2.1 the
scientific contributions and thus, how these shortcomings are addressed
in the work of this thesis are described.

1.1 Cardiovascular disease
CVD describes a range of diseases that affect the heart and blood
vessels. These include coronary heart disease, hypertension,
cerebrovascular disease, congenital and rheumatic heart disease, heart
failure and other conditions. For more than 15 years, CVDs have been
and still are the leading cause of death worldwide, accounting for 17.79
million or 31% of all deaths in 2016 according to the World Health
Organisation (WHO) [3]. In Figure 1 worldwide number of deaths by
cause in 2017 are listed, with CVDs accounting for 17.79 million deaths
according to Our World in Data [4]. According to data presented in Figure
1, CVDs are responsible for almost as many deaths as the next four
leading causes of death (cancers, respiratory diseases, lower respiratory
infections, dementia) combined.

Figure 1 Number of deaths by cause worldwide in the year 2017. (Adapted from
OurWorldInData.org/causes-of-death, by Hannah Ritchie and Max Roser, 2018 [4])

CVDs can affect patients of all ages and oftentimes require surgical
interventions to save or extend the life of the patient. Therefore, cardiac
surgery is a highly important and necessary field of expertise. Here, the
potential for a healthcare crisis due to CVDs is looming as Moffat-Bruce
et al. [5] predicted that, by 2035, the yearly cases requiring cardiothoracic
2

1.2 Minimally invasive cardiovascular interventions

surgery in the United States will increase by 61% while the number of
cardiothoracic surgeons is expected to decrease. In the United States,
overall CVDs prevalence is projected to increase by 30% between 2015
and 2035 [6]. Globally, deaths by CVDs is projected to increase to 23.3
million by 2030 [7]. Therefore, it is no surprise that in considerable parts
of the world, the social and economic burden of CVDs is a major cause
of concern in the context of healthcare. Efforts are underway to tackle
these burdens of CVDs in various ways, including rapid technological
advancements in surgical techniques (described in Section 1.2), the
improvement of educational methods with a shift towards simulationbased training (described in Section 1.3 and 1.4) and the introduction of
novel additive manufacturing technologies (described in Section 1.5) and
objective performance assessment methods of physicians to ensure high
quality of care and patient safety (described in Section 1.6).

1.2 Minimally invasive cardiovascular interventions
Minimally invasive surgery (MIS) is a surgical technique that has
gained widespread clinical acceptance and is considered the gold standard
in various fields. It encompasses techniques that use small incisions or no
incisions at all in the skin and is generally associated with smaller scars,
less blood loss, reduced operative trauma, shorter hospital stays, faster
recoveries and lower risk of infection [8–11].
MIS for use in cardiac surgery was first explored in the mid-nineties,
with Cosgrove et al. [12] reporting outcomes of the first minimally
invasive valve surgeries. Since then MISs have experienced rapid growth
and are projected to continue growing at a compound annual growth rate
of 10.9% from 2018 to 2025 [13,14]. One of the largest fields of MISs is
catheter-based cardiovascular interventions (CBCVIs). These
interventions are primarily guided by visual data such as static and
dynamic X-ray images or echocardiographic imaging such as
transesophageal
echocardiography
(TEE)
or
intracardiac
echocardiography. As indications for CBCVIs are expanding, educators
are faced with a major challenge in training operators for these highly
complex interventions.
Three CBCVIs of particular importance for this thesis are the
transseptal puncture procedure, the MitraClip™ procedure and the
3
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transcatheter aortic valve implantation procedure. They are described in
detail in the following sections.

1.2.1 Transseptal puncture procedure
The TSP procedure enables percutaneous access to the left atrium,
which is necessary for a range of CBCVIs, such as left heart
electrophysiology ablations, percutaneous mitral valve disease treatment
repair or implantation and left atrial appendage closure, making it an
important procedure for cardiovascular specialists [15]. Russo et al. [16]
described a step-by-step procedural guide for the TSP procedure. Below
the main steps are listed in a summarized and simplified manner [16]:
1. Femoral Puncture: Establish right-side venous femoral access by
puncturing it under fluoroscopy and/or echocardiographic
guidance.
2. Sheath, Mullins Sheath and Brockenbrough Needle Insertion
(Figure 2a): Under fluoroscopic guidance, the transseptal sheath
and dilator are advanced along a J-tip guidewire through the
inferior vena cava (IVC) up to the right atrium (RA) and into the
superior vena cava (SVC). Subsequently the guidewire is removed
and the transseptal needle is introduced.
3. Pullback (Figure 2b): Placement of the needle at the fossa ovalis
(FO) under echocardiographic guidance. Tenting on the interatrial
septum should be monitored for accurate positioning.
4. Transseptal Puncture (Figure 2c): Puncture of the interatrial
septum to access the left atrium (LA) by advancing the transseptal
needle.
5. Sheath Advancement into the LA (Figure 2d): Advancement of
the transseptal sheath into the LA, followed by the removal of the
needle and the dilator.

4
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Figure 2 Step-by-step transseptal puncture procedure. (a) Transseptal sheath and
needle advancement through the right atrium (RA) to the superior vena cava (SVC).
(b) The positioning of the tip of the sheath in the fossa ovalis (FO). (c) Transseptal
puncture by advancing the needle through the interatrial septum into the left atrium
(LA). (d) Advancement of the transseptal sheath and removal of needle and dilator.

The TSP procedure is usually safe with a complication rate of
approximately 1% [17]. However, it is still technically challenging and
needle punctures of any kind are at high risk for evolution into severe
complications [17].

1.2.2 MitraClip procedure
The MitraClip therapy (Abbott Laboratories, Chicago, Illinois, United
States) is the world’s first therapeutic option to perform catheter-based
mitral valve repair (MVR) (Figure 3). It is performed using femoral vein
access and real-time imaging, specifically fluoroscopy and
echocardiography. The TSP procedure is used to establish access to the
left atrium and the mitral valve, where the MitraClip is deployed. Abbott
states on their webpage that: “Used in over 80,000 patients worldwide,
MitraClip is a well-established procedure with a growing body of clinical
and real-world experience. [18]”

5
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Figure 3 The MitraClip system. The MitraClip system is fixated on a stabilizer and
consists of the steerable guide catheter, the clip delivery system and the MitraClip
device. The clip itself has two movable arms and grippers, which are used to capture
the mitral valve leaflets.

MitraClip therapy is used to treat mitral regurgitation, a condition in
which the heart's mitral valve leaflets do not close properly resulting in
blood flow backwards from the heart's left ventricle into the left atrium.
The backflow results in more work required from the heart, which can
cause fatigue, shortness of breath and worsening heart failure.
Below, the main steps (after the TSP) are described in a summarized
and simplified way, based on Sherif et al. [19] and the device's
instructions for use [20]:
1. Steerable guide catheter insertion (Figure 4a): After successful
TSP, an Amplatz extra stiff wire is placed in the left upper
pulmonary vein. Along this wire, the steerable guide catheter is
advanced into the LA under fluoroscopic and echocardiographic
guidance.
2. Clip insertion and positioning (Figure 4b): The clip delivery
system is advanced through the guide catheter, followed by
positioning the clip below the middle segment of the mitral valve.
Positioning is achieved by a series of manoeuvres involving the
6
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manipulation of the steerable guide catheter and the clip delivery
system followed by pushing the clip into the left ventricle.
3. Grasping the leaflets and closing clip (Figure 4c): Once the clip
is properly positioned the leaflets are grasped by lowering the
gripper and partially closing the clip. The leaflets are inserted and
clamped between the arms and grippers of the clip. This leaflet
insertion into the clip and clip placement is assessed using various
echocardiographic views.
4. Clip deployment (Figure 4d): Finally, the clip is released and
the clip delivery system, the steerable guide catheter and the guide
wires are removed.

Figure 4 Mitraclip procedure. (a) Insertion of the steerable guide catheter. (b) Clip
insertion and positioning below the mitral valve leaflets. (c) Grasping and closing of
the clip. (d) Release of the clip and subsequent removal of the device.

1.2.3 Transcatheter aortic valve implantation procedure
The TAVI procedure is a minimally invasive therapy to replace the
native aortic valve via the blood vessels and thus a valuable alternative to
patients for whom surgical aortic valve replacement is considered too
risky. There are several access methods, however, for this thesis, only the
transfemoral approach is considered. Typical indications for TAVI are
severe aortic stenosis of a trileaflet valve, a life expectancy of more than
one year, and they should be deemed inoperable [21,22].
Below the main steps of the TAVI are describe in a summarized and
simplified way, based on Modine et al. [23] and the Portico™ system's
instruction for use [24]:
1. Access site preparation and guidewire insertion (Figure 5a):
The access site is prepared according to standard practice. A
pigtail catheter is placed in the aortic root. Subsequently, another
7
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pigtail catheter is advanced along a 0.0035” J-tipped guidewire
placing it in front of the aortic valve. The J-tipped guidewire is
exchanged for a straight one to cross the aortic valve. Once
crossed the pigtail catheter is pushed into the LV and the straight
guidewire is switched for a stiff guidewire (Amplatz extra stiff
0.035” guidewire, Cook, Inc., Bloomington, Indiana).
2. Advancement of the delivery system (Figure 5b): The delivery
system is advanced along the stiff guidewire.
3. Positioning of the delivery system (Figure 5c): The delivery
system is positioned in a way that the annulus of the valve is 3
mm below the native aortic annulus and that the inner shaft
marker band is aligned with the native aortic valve annulus plane.
4. Valve deployment (Figure 5d): After confirming the proper
valve position on fluoro, the deployment is completed by pressing
the deployment lock button and turning the deployment wheel
until the valve capsule is fully retracted. Once fully deployed the
delivery system and all the guidewires are retrieved.

Figure 5 Illustration of the main steps of the TAVI procedure. (a) Placement of a
pigtail catheter in the aortic root and a stiff guidewire in the left ventricle (LV). (b)
Advancement of the delivery system along the stiff guidewire. (c) Positioning of the
valve prostheses inside the native aortic valve. (d) Deployment of the valve followed
by retrieving the delivery system and guidewires.

1.3 Surgical education
With the extensive advancements in surgical techniques and therapies,
it is no surprise that surgical education is adapting and has been
undergoing a rapid change from Halsted’s triad of educational principles
towards a competency-based advancement model. The Halstedian
training model was based on the following principles [25,26]:
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1. Intense and repetitive taking care of surgical patients under the
supervision of an expert
2. Acquisition and understanding of the scientific basis of surgical
diseases
3. Gradually increasing patient responsibility
This training method became the gold standard and the foundation for
surgical education in the 21st century. Unfortunately, in light of workhour restrictions, an imbalance in trainees to experts and other duties the
Halstedian model is failing [27,28]. Furthermore, with the everexpanding range of diseases that are treated surgically and the
development of new minimally invasive percutaneous therapies, residents
are expected to learn more in a limited period, resulting in less time
available for learning or education [28].
Due to these and other factors, an active effort is underway to develop
new approaches to surgical training, education and evaluation. There is
more emphasis now on increasing the efficiency of the learning process
and improving its quality [25]. Operating room time is too valuable to
permit its usage as a tool for the acquisition of basic technical skills [29].
The subdivision of complex surgical tasks in component capabilities has
become the basis of current surgical training paradigms [25]. Simulators,
part task skill training stations and animals provide the opportunity to
familiarize oneself with instruments, improve dexterity and allow
surgeons to learn about surgical management, techniques and possible
complications in a safe and risk-free environment [25]. These
developments have been validated by an increasing body of data
demonstrating transference of these capabilities and skills into the OR
theatre [30]. However, training on animals is costly, they are meant for
single-use, it raises legal and ethical issues, and they may not reflect true
anatomy and require specialized facilities. Thus, simulators and part task
skill training stations seem to be more promising alternatives. Leading the
way in cardiac surgery, Feins et al. [2] developed simulation-based
training modules for cardiopulmonary bypass, aortic valve replacement
and adverse events such as massive air embolism or acute intraoperative
aortic dissection. They analysed the effectiveness of their simulationbased training modules in a multicentre study from 2017 and came to a
clear conclusion [2]: “Overall performance in component tasks and
9
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complete cardiac surgical procedures improved during simulation-based
training. Simulation-based training […] can help produce safer surgeons.”
However, even this novel simulation-based curriculum relies heavily on
subjective expert opinion as a performance assessment method.
Nevertheless, such competency-based training methods with gradual
advancements from part-task skill training to whole procedural
simulations are becoming the standard in surgical training [25].
Haven et al. [25] conclude that: “Overall, this era of surgical education
is characterized by rapid and dynamic changes in knowledge,
understanding of the surgical disease, new procedures, and technologies.”
In addition, public demand for more accountability and patient safety is
increasing, with more control in institutions where training takes place
and increased requirements for oversight of training programmes [30].
Thus, as Haven et al. [25] phrased: “Novel educational and training
paradigms will be necessary to navigate the current waters, meet the
challenges of the 21st century, and ensure the production of professional,
capable, competent, and versatile surgeons.” Simulation-based training
could be part of the answer to meet these challenges.

1.4 Cardiovascular training simulators
The main goal of simulation-based training is skill acquisition. Skills
can be categorized into three main types: affective, cognitive and
psychomotor (Figure 6a) [31]. Leadership, teamwork and interacting with
other people are affective skills. Cognitive skills include among others
situational awareness, thinking, the application of procedural, medical
knowledge and decision making. Psychomotor skills centre on manual
dexterity, hand-eye coordination and spatial abilities. Three main classes
of simulation are used to enable the training and acquisition of all three
types of skill. They are classified into virtual, physical and biological
simulation (Figure 6b) [31].
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Figure 6 Overview of the skills and simulation triangle. (a) Skills triangle with the
affective, psychomotor and cognitive classification of skills. (b) Simulation triangle
with classification into the biologic, physical and virtual simulation. Additionally, the
taxonomy for mixed simulators is illustrated. (Icons made by Freepik from
www.flaticon.com)

Hybrid or mixed simulators include both virtual and physical
components. They are called ‘augmented virtual simulator’ if they are
primarily virtual and they are called ‘augmented physical simulators’ if
they are primarily physical [31]. Simulators are further distinguished
based on their fidelity. There are three classes of fidelity, low-fidelity,
medium-fidelity and high-fidelity. Low-fidelity simulators are often static
and train a single function. Medium-fidelity simulators are more complex,
can simulate single to multiple functions and give more resemblance to
reality. Finally, high fidelity simulators provide a highly realistic scenario
of complex procedures. For this thesis, the focus is put on the training of
psychomotor and cognitive skills. To achieve this, a set of augmented
physical simulators with varying fidelity are developed and used.
In the following sections, the state of the art of current simulators is
briefly described with a focus on cardiovascular training simulators.

1.4.1 Virtual and augmented virtual simulators
Virtual simulators are computer-based and are devoid of physical
tangible objects. Interaction is achieved via the mouse, joysticks or virtual
reality (VR) headsets. They are suitable to build up knowledge for
11
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teaching anatomy and to convey cognitive skills. The Stanford Virtual
Heart (Figure 7a) is an example of a virtual simulator, it is used to teach
and explain complex congenital heart defects [32]. Examples of more
sophisticated augmented virtual simulators are the VIST® Lab with the
VIST® G5 simulator (Mentice, Goethenburg, Sweden) (Figure 7b) [33],
the AngioMentor™ platform (3D Systems formerly Simbionix, Rock
Hill, SC, USA) (Figure 7c) [34], and the CathLabVR (CAEHealthcare,
Montreal, Canada) (Figure 7d) [35]. They all provide hands-on training
in endovascular procedures and all use modified catheters, tools and
devices to track the position of the tools to compute a virtual simulation
of fluoroscopy or other imaging modalities.

Figure 7 Virtual and augmented virtual simulators. (a) The Stanford Virtual Heart is
a fully virtual simulation of the heart. (b) The VIST® lab with the VIST® G5 system
as a complete cath lab training setup. (c) The AngioMentor™ platform also provides
a true-to-life cath lab setting. (d) The CathLab VR simulator from CAE Healthcare.
(Images adapted from [32–35])

The main advantages of these types of simulators are that on one
system it is possible to train a multitude of different procedures,
procedures are easily repeated and procedural complications can be
implemented. The main disadvantages are that they often use modified
tools, are very expensive, and do poorly in mimicking proper haptic
feedback of tool-tissue interactions [36]. Performing tasks with poor force
feedback can have negative consequences on the operator's performance
and increase risk in the transition to patients, as trainees may apply
improper forces [37,38].

1.4.2 Physical and augmented physical simulators
Physical simulators consist of tangible physical objects and are devoid
of any virtual element. They are primarily used in the teaching and
training of psychomotor skills such as suturing, guide wire navigation and
catheter skills. Examples of physical simulators are the anatomical
vascular models from Elastrat (Elastrat Sàrl, Genève, Switzerland)
12
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(Figure 8a), the diverse set of tissue models from LifeLike BioTissue
(LifeLike BioTissue Inc., London, Ontario, Canada) (Figure 8b) or
anatomically accurate silicone replications of human vasculature from
United Biologics (United Biologics Inc., Santa Ana, California, USA).
Augmented physical simulators have virtual underlays or overlays,
which enhance simulation capabilities. Oftentimes this augmentation is
focused on generating fluoroscopic or echocardiographic images used for
procedural guidance or on the integration of objective performance
assessment capabilities. Examples of augmented physical simulators are
the endovascular simulator from VivitroLabs (VivitroLabs Inc., Victoria,
British Columbia, Canada) (Figure 8c) or the Heartroid® from JMC
Corporation (JMC Corporation, Yokohama-city, Kanagawa, Japan)
(Figure 8d).

Figure 8 Physical and augmented physical simulators. (a) An aortic arch made of
silicone manufactured by Elastrat. (b) An aortic root with aortic leaflets made of a
hydrogel manufactured by LifeLike BioTissue. (c) The endovascular simulator with
fluoroscopy simulation made by VivitroLabs. (d) The Heartroid® a complete heart
with an aortic arch made of silicone equipped with a camera for imaging simulation.
(Images adapted from [39–42])

Physical simulators provide realistic haptic perception during the
procedure and allow for authentic tool handling and manipulation. Recent
achievements in 3D printing technologies enable the manufacturing of
patient-specific, anatomically accurate phantoms for use in physical
simulators. Shortcomings of current physical simulators are the
challenging aspects of emulating fluoroscopy or echocardiographic
imaging modalities, repeatability due to abrasion or destruction of
phantoms, which are often part of the surgical procedure and the limited
number of procedure which can be training on a specific simulator.
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1.4.3 Augmented simulators in other medical fields
Progressive medical areas in terms of simulation-based training are
the fields of laparoscopic and arthroscopic surgery. Simulators used in
this area can potentially serve as inspiration for new cardiovascular
training simulators and are therefore briefly described. Augmented virtual
simulators for laparoscopic interventions include the VirtaMed
LaparoS™ from VirtaMed (VirtaMed AG, Schlieren, Switzerland)
(Figure 9a) and the LAP Mentor™ from 3D systems (3D Systems
formerly Simbionix, Rock Hill, SC, USA) (Figure 9b). The same
companies also developed augmented virtual simulators for arthroscopic
interventions, namely the VirtaMed ArthroS™ from VirtaMed (Figure
9c) and the ARTHRO Mentor™ from 3D Systems (Figure 9d).

Figure 9 Augmented virtual simulators for laparoscopic and arthroscopic surgeries.
(a) Rendering of the VirtaMed LaparoS simulator manufactured by VirtaMed. (b)
Rendering of the LAP Mentor made by 3D Systems. (c) The VirtaMed ArthroS made
by VirtaMed. (d) The Arthro Mentor simulator made by 3D Systems. (Images adapted
from [43–46])

These simulators exhibit the same advantages and drawbacks
described for augmented virtual simulators in Section 1.4.1. Importantly,
none of these systems works with real tools. All of the tools are modified
to create the virtual rendering of the intervention and therefore it is
impossible to use real tools with these simulators as well as test or validate
new tools on them.

1.5 3D printed models for cardiovascular disease
The application of 3D printing technology in cardiovascular diseases
has emerged as a powerful tool in recent years. It is employed to create
patient-specific models of the cardiovascular system, which can be used
as educational and communication tools, as a tool for procedural planning
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and simulation, and as artificial organs in physical cardiovascular training
simulators [47,48].
The process of manufacturing artificial organs can generally be
described by the two workflows depicted in Figure 10. The first three
process steps: image acquisition (3D echo, CT or magnetic resonance
imaging (MRI) scans), model segmentation (dedicated software: mimics,
3Dslicer), and creation of the STL 3D model (dedicated software: mimics,
3D slicer, Meshmixer) are the same for both processes. In the direct 3D
printing workflow the 3D model is directly printed on a suitable 3D
printer. However, oftentimes the model does not allow for direct 3D
printing, as either the material is not yet available for 3D printers (e.g.
silicone), the geometry is too complex and thus not printable, or it is
simply too expensive compared to the injection moulding workflow. In
the injection moulding workflow, 3D printing is employed to manufacture
the mould form. Subsequently, the artificial organs are injection moulded
and deformed after curing. Shortcomings of this technique are the
required additional processing steps and the significant increase in
manufacturing time.

Figure 10 Manufacturing process for artificial organs. The origin is either a CT scan,
a 3D echocardiography image or an MRI scan. Next, the desired organ is segmented
and converted into a 3D model. In the 3D printing process, this 3D model is converted
into an STL format and directly printed on a 3D printer. In the injection moulding
process, the casting mould is derived from the 3D model. Next, the casting mould is
printed on a 3D printer and assembled. Finally, the desired material (e.g. silicone) is
injection moulded, cured and ultimately taken out of the mould.
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Moreso than others, elastic materials such as silicone have been
notoriously hard to directly 3D print. However, new technologies such as
silicone additive manufacturing developed by SpectroPlast AG
(SpectroPlast AG, Zurich, Switzerland) enable 3D silicone printing of
large artificial organs with high accuracy and quality. Taking advantages
of these new manufacturing capabilities hold enormous potential for the
widespread adaptation of cardiovascular physical training simulators in
surgical education.

1.6 Behavioural measurements and performance
assessment
A crucial element in surgical education and thus also in simulationbased training is the performance assessment and deduction of expertise.
In the Halstedian training model, the expertise and performance of a
trainee were usually assessed by the supervisor and was therefore
inherently subjective. Therefore, in the last decades, considerable efforts
went towards transforming surgical education from a subjective
performance assessment by expert operators to an objective, metric-based
measurement of performance and skill.
For assessing the procedural performance, many hospitals and
educators are employing objective structured assessment of technical
skills (OSATS) rating scales to evaluate the skills of surgical trainees
[49]. Various studies have reported that the OSATS rating scale can
reliably and validly assess surgical skill [50,51]. However, even in this
rating scale, the assessment is ultimately filled out by an expert and the
assessment is thus only to a limited extent purely “objective”.
Other approaches are looking at measuring objective metrics, as
potential indicators for operator skill and expertise. Naturally, easily
measurable and important metrics such as mortality, procedural time,
blood loss, procedural outcome, X-ray time are commonly measured.
These assessments are oftentimes limited to a small set of metrics that can
be measured and are difficult to interpret (e.g. an increased procedural
time does not necessarily correlate with a worse performance of the
operator).
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Figure 11 Eye tracking glasses and their working principle. (a) Eye tracking glasses
consist of cameras (scene and eye cameras), infrared illuminators and sophisticated
algorithms to compute the gaze point. (b) The infrared illuminators create detectable
reflections on the cornea of the eye. These corneal reflections together with the pupil
centre are analysed to compute the gaze point, which is then overlaid with the scene
camera recording. (Image (b) adapted from [52])

One area that has received much attention in understanding people's
visual behaviour and cognitive processes is eye tracking. Specifically, the
introduction of mobile eye tracking devices such as the SMI ETG 2.7 eye
tracking glasses (Figure 11a), has enabled the technology to be employed
in dynamic working environments. These mobile eye trackers consist of
several cameras and infrared illuminators built-in the glasses frame and
make use of sophisticated algorithms to compute the gaze point of the
user (Figure 11b). Studies have shown that eye tracking is useful in
assessing the usability of products and also to learn more about decisionmaking and interpretive processes [53,54]. Other studies have also hinted
at the potential of employing this technology in the field of medical
education and as a tool to objectively assess performance in surgical
interventions [55,56].
Therefore, from a technological point of view, there exist some very
promising methods which could be used for object performance
measurement. The challenge now is to demonstrate their feasibility in the
clinical environment and to achieve a widespread application in medical
education, to move away from the subjective assessment of skills towards
a more objective assessment of operators’ expertise.
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contributions of this thesis
The objectives of this thesis can be discussed in two main tracks. One
of the tracks focused on the development of novel augmented physical
simulators for CBCVIs. The other track focused on the objective
assessment of operator performance and skill for CBCVIs in simulated
and real settings. In the latter phase of this thesis, both tracks were then
combined, which resulted in the developed simulators from track one
being equipped with assessment tools developed as a result of the
investigations from track two.
The simulator development track directly addresses the current lack of
simulation-based training platforms for CBCVIs. As currently available
simulators often fall into either the virtual or physical simulator spectrum
the aim here is to combine the best of both worlds, namely, to develop an
augmented physical simulator capable of providing realistic haptic
perception, enabling the use of real tools, and incorporating virtual
aspects such as fluoroscopy and echocardiography simulation and
automated objective performance assessment measurements.
In the objective assessment track, eye tracking technology was used
to measure and assess visual behaviour during real CBCVIs with the goal
of establishing “expert” viewing strategies, which in turn could then be
utilized to assess novice viewing strategies by comparing them.
Additionally, eye tracking technology was employed to specifically
measure the usage of fluoroscopy, meaning it was measured for how long
the operators were activating fluoroscopy and how often this was done
unnecessarily, for example, while not looking at the fluoroscopy screen.
Based on the insights from track two, measurement tools were
developed and integrated into the novel augmented physical simulators.
By doing this, the trainees and future physicians are already being
sensitized to important aspects such as the minimizing of fluoroscopy
usage and being more aware of when and where to find the most important
procedural information during CBCVIs.
The specific scientific contributions addressing the here outlined
objectives are described in the following section.
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2.1 Scientific contributions
As described in Section 1.4 there are simulators available for
simulation-based training. However, they still lack critical aspects such
as realistic haptic perception, use of real tools, realistic imaging and
procedural immersion. These gaps are potential hurdles for the
widespread implementation of simulation-based training in the
curriculum. To address this issue, the first research question of the
simulator development track of this thesis is:
How can we improve platforms for simulation-based training in
transcatheter cardiovascular interventions and potentially
facilitate their implementation in the curriculum?
This question was investigated by developing augmented physical
simulators for three cardiovascular interventions described in Section
1.2.1, Section 1.2.2 and Section 1.2.3. The development, as well as the
face and content validation of the first simulator, the transseptal puncture
simulator is described in Chapter 3.
[57]

J. M. Zimmermann, OJ. Steffen, L. Vicentini, M. Schmid Daners, M.
Taramasso, F. Maisano, and M. Meboldt, “Novel augmented physical
simulator for the training of transcatheter cardiovascular
interventions,” Catheter. Cardiovasc. Interv., no. July, pp. 1–8, 2019.

The development of the transcatheter aortic valve implantation
simulator focused on a modular design and the capability to train the
TAVI procedure on it, but also to test and validate new procedures
(Chapter 4). This was demonstrated in the Portico neo-commissure
alignment study, where the TAVI simulator was utilized to develop and
validate a new operating procedure providing a reproducible and
standardized way to achieve neo-commissure alignment and avoid
coronary overlap when using the Portico valve.
[58]
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D. Perez, P. Haager, L. Jörg, F. Maisano, M. Taramasso,
“Transcatheter Aortic Valve Neo-Commissure Alignment with the
Portico System.,” EuroIntervention, vol. 53, no. 9, pp. 1689–1699,
Dec. 2020.

2.1 Scientific contributions

Another knowledge gap examined in this thesis concerns the visual
behaviour of operators during real CBCVIs. To date, the visual behaviour
of physicians has only been studied to a very limited extent and only by
taking into account single areas of interest (AOIs), such as the X-ray
screen. Thus, the visual behaviour and viewing patterns in respect to the
broader working environment of operators has not yet been studied. This
gap led to the following research question of this thesis:
Can visual behaviour and viewing strategies be identified using
mobile eye tracking? Are distinct visual behaviour patterns
observable during CBCVIs and are there differences between
patterns in experts and novices?
These research questions were addressed by performing a large eye
tracking study including more than 30 real CBCVIs, during which the
operators were equipped with a mobile eye tracker. The visual behaviour
and viewing strategies of expert and novice physicians were investigated
and compared. The study details are described in Chapter 5:
[59]

J. M. Zimmermann, L. Vicentini, Q. Lohmeyer, M. Taramasso, F.
Maisano, and M. Meboldt, “Visual Behaviour Strategies of Operators
during Catheter-Based Cardiovascular Interventions,” J. Med. Syst.,
vol. 44, no. 1, 2020.

One objective performance metric commonly measured and reported
is the duration of X-ray usage during a procedure. Here it is hypothesized
that the more experienced an operator is the more efficient his X-ray
usage is. This benefits the patients, as well as the entire staff inside the
operating room as a reduction in X-ray usage time, generally correlates
with a reduction in radiation dose exposure. With a clear goal of
minimizing radiation dose, several studies have investigated how much
of the administered radiation, such as CT scans, was medically validated
and how many of them were unnecessary [60,61]. However, for
fluoroscopically guided interventions such as the ones described in
Section 1.2, no such investigation has been conducted yet. Therefore, it is
unclear how much of the administered radiation during CBCVIs may
have been avoidable. This knowledge gap was formulated in the
following research question for this thesis:
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How much of the administered radiation during fluoroscopically
guided CBCVIs may be avoidable?
Based on the data from the eye tracking study, this research question
was investigated. By employing machine learning algorithms and other
image processing techniques the total time of the operator looking at the
X-ray screen was computed and compared with the total time the X-ray
system was activated. The details and results of this investigation are
described in Chapter 6.
[62]

J. M. Zimmermann, L. Vicentini, D. Van Story, A. Pozzoli, M.
Taramasso, Q. Lohmeyer, F. Maisano, and M. Meboldt,
“Quantification of Avoidable Radiation Exposure in Interventional
Fluoroscopy With Eye Tracking Technology,” Invest. Radiol., vol.
55, no. 7, pp. 457–462, 2020.

In combining the insights and results from the simulator development
track and the objective assessment track, this thesis aimed to finally
answer the following research question:
How can physicians be sensitized to adhere to fluoroscopy usage
protocols and thus minimize avoidable radiation exposure?
To address this issue the mitral valve repair simulator was developed
and equipped with an objective X-ray usage measurement system. This
way prospective physicians are already made aware of the importance of
proper fluoroscopy usage during simulation-based training sessions.
Furthermore, the development of the MVR simulator built upon the
insights and results of the TSP and TAVI simulator and extended the TSP
simulators capabilities significantly to include entire MVR interventions
and more objective performance assessment methods. The design,
capabilities and results from a pilot study of this simulator are described
in Chapter 7:
[63]
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Meboldt, “A novel simulator for transcatheter mitral valve repair
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capabilities,” under revision at the Cardiovascular Engineering and
Technology Journal, 2021.

3 Novel augmented physical
simulator for the training of
transcatheter cardiovascular
interventions
The content of this chapter is completely taken from [57].

3.1 Introduction
Rapid technological innovations in the field of transcatheter
procedures are expanding indications for structural heart disease
interventions. However, with the fast-paced development of the field,
medical education is challenged to integrate it into their curriculum. The
increased imbalance between the number of trainees and teachers, the
working-hour restrictions, and the complex interventional techniques
have made the training of transcatheter cardiovascular interventions
progressively more difficult [64,65]. Consequently, the traditional
apprenticeship-style method of training is not always possible, suggesting
the need for other and improved methods of training and skill acquisition.
Animal and cadaveric models have been extensively used to improve the
training. However, there are many disadvantages with these models
including legal and ethical issues, high cost, they are meant for singleuse, they may not reflect the true human anatomy and pathophysiology,
and they require specialized facilities [38].
Simulation-based training could be a tool to address these issues.
Leading the way, Feins et al. [2] developed simulation-based training
modules for various cardiac surgeries. This multicenter study came to a
clear conclusion: “Simulation-based training […] can help produce safer
surgeons.”[2] However, this style of education relies heavily on suitable
and effective simulators.
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The positive results of simulation-based training, the need for
effective and realistic simulators, and the opportunities of designing and
manufacturing structures using 3D printing inspired our research team to
develop an augmented physical simulator for the transseptal puncture
procedure. Although TSP is usually safe, with a complication rate of
approximately 1%, proper training is essential to guarantee a high level
of patient safety [17]. In this study, we describe the development and the
initial face and content validation of the novel TSP simulator and discuss
lessons learned for future improvements of the TSP simulator and for the
implementation of simulation-based training modules.

3.2 Materials and methods
The design and main elements of the TSP simulator are displayed in
Figure 12. Details of Figure 12a,b are shown in Figure 13. The silicon
phantom and camera system for the fluoroscopy simulation are stored
inside the trapezoidal compartment on the left side of the TSP simulator
(Figure 12a and Figure 13a). The camera for the TEE simulation is placed
in a compartment below (Figure 12b and Figure 13b). Located in the
middle is the hip module and to the right of it the electronics compartment
(Figure 12c,e). On the left screen, the imaging simulations of fluoroscopy
and TEE are displayed to the trainee (Figure 12d). On the right is a
touchscreen for controlling the TSP simulator and training procedure
(Figure 12f).
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Figure 12 Physical transseptal puncture (TSP) simulator overview. (a) Housing
containing the silicone phantom and the cameras for the fluoroscopy simulation (for
details see Figure 13). (b) Housing containing the stereo camera for the
transesophageal echocardiography (TEE) simulation (for details see Figure 13b). (c)
Hip module containing the catheterization pad. (d) Screen displaying the fluoroscopy
simulation on the left and the TEE simulation on the right. (e) Electronics
compartment. (f) Touchscreen graphical user interface for controlling the TSP
simulator

Figure 13a shows the inside of the trapezoidal compartment of the TSP
simulator. Three cameras are positioned facing the silicon phantom from
different orientations. Beneath and behind the silicone phantom are lightemitting diode (LED) panels. Additionally, parts of the interatrial septum
are visible, which is inserted into the silicone phantom (see also Figure
14). Figure 13b displays the inside of the compartment (B) in Figure 12.
An S360 stereo camera sensor (Sky Aware AG, Zurich, Zurich,
Switzerland) is positioned such that the cameras are looking through a
hole onto the interatrial septum of the silicone phantom.
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Figure 13 Details of the inside of the transseptal puncture simulator. (a) Inside view
of the compartment (a) in Figure 12. Three cameras are facing the silicone phantom
with the interatrial septum inserted. Beneath and behind the silicone phantoms are
light-emitting diode panels. (b) Inside view of the compartment (b) in Figure 12. The
S360 stereo camera sensor is facing the interatrial septum

3.2.1 Fabrication of synthetic organs and models
Tissue phantoms integrated into the TSP simulator are made of either
silicone rubber, polyvinyl alcohol (PVA) hydrogel or a combination
thereof, and have been injection moulded.

Fabrication of silicone phantom of the venous system and
the right atrium
Anonymized MRI and CT data sets were obtained from the University
Hospital Zurich (USZ). The data were segmented, fused and converted to
a 3D model of the target organs and anatomies to derive and print the
mould forms (Figure 14a) [66]. The finished silicone phantoms (Figure
14b) were mounted on custom plates and connected to the other phantoms
and structures of the TSP simulator. Because the interatrial septum is
punctured at the fossa ovalis in every successful TSP procedure, the
silicon phantom contains an interface for a replaceable interatrial septum
(Figure 14c). The mimicked interatrial septum consists of a card and a
membrane which is spanned on it and simulates the fossa ovalis. For
training, an interatrial septum is inserted into the silicone phantom. After
the puncture, it can easily be replaced by a new interatrial septum (Figure
14c,d).
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Figure 14 Silicone phantom design and manufacturing overview. (a) Reusable outer
mould halves and the core mould form. (b) Silicone phantom of part of the venous
system such as the inferior vena cava, the beginnings of the superior vena cava, and
the right atrium. (c) The interatrial septum consisting of a membrane spanned on a
card, which simulates the fossa ovalis. The interatrial septum can be inserted into an
interface at the silicone phantom. (d) The interatrial septum fully inserted in the
silicone phantom

Fabrication of PVA-catheterization pad for femoral vein
catheterization
Patient preparation for the TSP procedure involves preparing and
draping the inguinal areas and gaining access to the femoral veins using
the Seldinger technique. Therefore, the TSP simulator includes an
inguinal area pad made of a PVA hydrogel (Figure 15). Dimensions and
compositions of the PVA-catheterization pad are specified in Table 1.
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Figure 15 Hip module with integrated catheterization pad. The hip module as depicted
in Figure 12c with exchangeable multilayered polyvinyl alcohol (PVA)catheterization pad. The PVA-catheterization pad consists of a layer simulating the
connective tissue and one simulating the skin. Included in the PVA-catheterization
pad is an imitation of a femoral vein
Table 1 Catheterization pad dimensions and composition. Dimensions and
composition of the polyvinyl alcohol catheterization pad layers and the femoral vein.
The number of freeze-thaw cycles (−23°C for 24 hr, thawing at room temperature) the
respective layers were subjected to during the manufacturing process.
Layer

Dimensions (mm)

Skin
Connective tissue
Femoral vein

Thickness:
Thickness:
Inner diameter:
Outer diameter:

2-3
30-40
14
18

Composition
(wt%)
14
9
11

No. of freezethaw cycles
2
1
2

3.2.2 Imaging acquisition and processing
Transcatheter interventions heavily rely on visual feedback through
imaging technologies such as fluoroscopy or echocardiography.
Therefore, a realistic and safe TSP simulator must be able to reproduce
these imaging technologies without using any harmful radiation.

Fluoroscopy simulation
In fluoroscopy, X-rays pass through the patient and are detected by
electronic sensors. The sensors convert the X-rays varying intensity, due
to the attenuation by different tissues in the body, into electrical signals
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and subsequently into an X-ray image. A fluoroscopy simulation can be
achieved with proper lighting in combination with transparent and nontransparent objects and thus without the use of harmful radiation. In the
TSP simulator two LED panels, a transparent silicone phantom, three
cameras, and image processing are used to create the fluoroscopy
simulation (see Figure 13). The TSP simulator displays a simulation of
the three most important fluoroscopic views for the TSP procedure, the
antero-posterior, the left anterior oblique, and the latero-lateral view.
The most important image processing steps for the fluoroscopy
simulation are described in detail below and are shown exemplarily for
the antero-posterior view in Figure 16. The transparent silicone phantom
is illuminated with LED panels placed below and on its side (see Figure
13). During the start-up of the TSP simulator and before the start of the
training procedure, the cameras take grayscale images of the illuminated
silicone phantom, which serve as reference images for further image
processing steps (Figure 16a). If the trainee activates the fluoroscopy
screen during the training procedure on the TSP simulator, the cameras
take real-time images of the silicone phantom (Figure 16b). The intensity
values of the pixels of this image (b) are then subtracted from those of the
reference image (a), yielding in a grayscale image as shown in Figure 16c.
Next, the contrast of this image (c) is increased prior to subtracting its
pixels’ intensity values from those of a real fluoroscopic image, resulting
in the output shown in Figure 16d. The real fluoroscopy image used in
this processing step was provided by the USZ. Due to the fact that for
each view of the fluoroscopy simulation a single, matching real
fluoroscopic image is used, the TSP simulator currently makes use of
three different real fluoroscopic images for the fluoroscopy simulation.
Finally, the fluoroscopy simulation (d) is displayed on the screen as
feedback to the trainee.
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Figure 16 Exemplary fluoroscopic simulation for the anteroposterior view. (a)
Reference image of illuminated silicone phantom taken at the beginning of the training
procedure. (b) Real-time image acquired during the procedure while the trainee uses
the fluoroscopy simulation. (c) Image resulting from subtracting the pixel intensities
of image (b) from the pixel intensities of image (a). (d) Image resulting from
subtracting the pixel intensities of image (c) from the pixel intensities from a real
fluoroscopic image provided by the University Hospital Zurich

Transesophageal echocardiography simulation
During the TSP procedure, TEE is commonly used to determine the
exact location of the puncture position on the interatrial septum by
observing the tenting generated by the TSP catheter pushing onto the
interatrial septum (Figure 17a). In the TSP simulator, the S360 stereo
camera sensor (Figure 13b) is used to simulate the three most important
views for the TSP procedure: the mid-esophageal bicaval, the midesophageal four-chamber, and the short axis base view.
The general concept for the TEE simulation is to dynamically track
the displacement of the fossa ovalis on the interatrial septum, create
intersection lines of the displaced fossa ovalis and then insert these
dynamic intersection lines into default TEE imaging templates. These
important image processing steps for the TEE simulation are described in
detail below and shown exemplarily for the short axis base view in Figure
17. The S360 stereo camera sensor observes the fossa ovalis on the
interatrial septum (Figure 17a). Next, the S360 sensor computes a
disparity map of the surface of the fossa ovalis (Figure 17b). In the
disparity map, bright spots correspond to points close to the S360 stereo
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camera sensor and dark ones are farther away. If the fossa ovalis is
displaced, for example by the catheter pushing onto it, a peak is detected
in the disparity map. In this case according to the short axis base view a
suitable intersection curve, which passes through the peak of the disparity
map, is extracted (Figure 17b,c). This intersection curve is then used to
simulate the interatrial septum of the TEE imaging template. For each of
the three views, one TEE imaging template was created and animated
using the free and open-source software Blender (Blender Foundation,
Amsterdam, Netherlands). Finally, the TEE simulation is displayed on the
screen as feedback to the trainee (Figure 17d).

Figure 17 Exemplary transesophageal echocardiography (TEE) simulation for the
short axis base view. (a) Stereo camera setup is focused on the interatrial septum and
observes any displacement of the fossa ovalis. (b) A disparity map is computed based
on the images acquired by the stereo cameras. The tenting is located by finding the
peak on the disparity map. (c) According to the view displayed to the user, the
corresponding intersection curve is extracted. (d) Fused image of the intersection
curve and the corresponding TEE imaging template is displayed to the user

3.2.3 Face and content validation
The aim of a validation process for simulators is to show that the
simulator is actually teaching or evaluating what it is intended to teach or
measure. Face validity refers to the perceived realism of various
components and aspects of the simulation platform. Content validity
assesses the pedagogical value and training effectiveness of the simulator
and tries to address the question of whether the simulator realistically
does teach what it is intended to teach [67,68]. A face and content
validation study was conducted within the framework of the Certificate
of Advanced Studies – Mitral and Tricuspid Valve Structural
Interventions [69] course held by a team of the USZ. A total of 14 of 26
course participants, of which 11 are interventional cardiologists and 3 are
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cardiac surgeons, participated in the validation study and tested the TSP
simulator (detailed background of participants are provided in Appendix
A in Table A1). They evaluated usability, the realism of the imaging
simulations, the haptic perception, and the overall impression of the TSP
simulator. Additionally, they evaluated the training effectiveness and
usefulness of the TSP simulator for the training and teaching of skills.
The study participants were given 30 min each to perform a complete TSP
procedure. All the participants used real tools including the 0.032″, 150
cm GuideRight™ J-tip guidewires (Abbott Laboratories, Chicago, IL,
USA), the Swartz™ braided transseptal guiding introducer (Abbott
Laboratories, Chicago, IL, USA), and the BRK-1™ transseptal needle to
perform the TSP procedure. Furthermore, they performed the TSP
procedure on the same silicone phantoms and the PVA-catheterization
pad. However, a new interatrial septum was utilized for every participant
(see Figure 14). The exercise was finished when the interatrial septum
was punctured and a successful left atrial access was established. A movie
showing the TSP procedure on the simulator is provided as supporting
information Video S1 in the online version of this publication [57]. To
assess and demonstrate the face and content validity of the TSP simulator
the study participants were asked to complete an anonymous and
structured questionnaire consisting of 18 items on a 5-point Likert scale.
These 18 items were grouped into five subcategories for the face
validation and into two subcategories for the content validation. All items
affiliated to the same subcategory were weighted equally and averaged to
create one score per subcategory. The resulting score for each of the seven
subcategories or characteristic parameters is reported in Table 2. A value
of 4.0 was defined as the minimum so that the characteristic parameter to
be evaluated can be regarded as acceptable for the simulator. The
structured questionnaire is based on a typical structure used in face and
content validations of medical training simulators and is provided as
supplementary material in Appendix B [38,57,70–72]. It has been adapted
to cover transcatheter interventions and the TSP simulator in particular.

3.3 Results
The results of the characteristic parameters from the structured
questionnaire are listed in Table 2. Detailed scores for each question for
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the face validation are provided as supporting information in Appendix A
in Table A2 and those for the content validation are provided in Appendix
A in Table A3.
Table 2 Scores (out of 5) given to the transseptal puncture simulator on a 5-point
Likert scale.
Criteria
Face validation
Overall impression
Haptic perception
Realism of fluoroscopy
Realism of TEE
Usability
Content validation
Demonstration of knowledge and skill
Teaching of skills

Participants (n = 14)
(mean ± SD)

Min

Max

4.04 ± 1.03
4.13 ± 0.82
4.39 ± 0.71
3.86 ± 0.64
4.50 ± 0.63

2.6
3
3
3
3

5
5
5
5
5

4.04 ± 0.87
4.48 ± 0.76

2
3.3

5
5

The 14 participants of the study rated the overall impression of the
TSP simulator at 4.04 ± 1.03. The haptic perception was scored at 4.13 ±
0.82. Figure 18a,b display a side-by-side comparison of a real
fluoroscopic image and one simulated by the TSP simulator, respectively.
The realism of fluoroscopy was rated 4.39 ± 0.71 and therefore higher
than the realism of TEE, which scored 3.86 ± 0.64. Figure 18c,d displays
a side-by-side comparison of a real TEE image and one simulated by the
TSP simulator, respectively. Usability was assessed at a score of 4.50 ±
0.63, indicating that they found the TSP simulator to be useful for the
training of technical skills and in particular for the training of the TSP
procedure. The content validation subcategory demonstration of
knowledge and skill was rated 4.04 ± 0.87 and teaching of skills scored
4.48 ± 0.76.
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Figure 18 Comparison between simulated and real fluoroscopy and real and simulated
transesophageal echocardiography (TEE) images. (a) Real fluoroscopy image of the
anteroposterior (AP) view. (b) Simulated fluoroscopy image of the AP view. (c) Real
TEE image of the mid-esophageal bicaval view. (d) Simulated TEE image of the midesophageal bicaval view

During the study, in addition to responding to the questionnaire,
participants commented on the TSP simulator and suggested ideas for
improvements. In accordance with the low score of realism of TEE, the
most frequent suggestions were to improve the TEE imaging simulation
such that the BRK-1™ transseptal needle is visible after the puncture.
Another frequent suggestion was to enhance the PVA-catheterization pad
to include a pulse and the effect of a fluid rushing out of the needle as
soon as the femoral vein is punctured.
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3.4 Discussion
The novel TSP simulator offers a solution to the challenges faced in
today’s training of cardiac surgeons and interventional cardiologists. It is
the first system on which the operator can practice and learn the entire
TSP procedure on a physical system with real tools and with realistic
fluoroscopy simulation and TEE simulation, all in a zero-risk
environment. Furthermore, thanks to the advantages of the 3D printing
technology and the modular system design, additional models with
different anatomical features could easily be manufactured and
implemented into the existing system, providing the trainee with the
option to practice on different anatomies and pathological cases.
We have demonstrated the face and content validity of the TSP
simulator for the TSP procedure. For the validation study, we focused on
comparing aspects such as usability and realistic haptic perception, which
are independent of the medical field and thus are comparable across
different disciplines. The haptic perception of the TSP simulator was
rated high with a score of 4.13 ± 0.82 (out of 5). This is a good score in
comparison to the results of similar simulator validation studies. The
haptic perception for the ‘Voxel Man’ for otology surgical training was
rated by 16 participants on a 5-point Likert scale at a mean score of 3.1 ±
1.00 [70]. Another study assessed the realism of the force feedback
provided on the operator’s hand to simulate real scan for the virtual reality
simulator ‘ScanTrainer®’ on a 10-point scale. Eleven experts rated the
force feedback with a mean of 7.5 which, scaled to a 5-point Likert scale,
corresponds to a mean score of 3.75 [72].
The fluoroscopy simulation of the TSP simulator was judged as very
realistic with a score of 4.39 ± 0.71. Gong et al. [73] developed a
dedicated fluoroscopy simulator and validated it by eleven experts
answering questions on a 5-point Likert scale. The suggested answer:
“Fluoroscopy images are realistic” was confirmed with a mean score of
4.4 ± 0.50. This result indicates that in terms of a realistic image
simulation of fluoroscopy the TSP simulator achieves the same quality as
dedicated fluoroscopy simulators.
The high rating of 4.50 ± 0.63 for the usability of the TSP simulator
indicates that the current system could be a useful tool in training the
technical skills of the TSP procedure. Alsalamah et al. [72] reported a
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mean score of 9.0 for the overall value for training and testing of their
virtual reality simulator ‘ScanTrainer®’. This corresponds to a score of
4.5 on the 5-point Likert scale. In another study, a pediatric laparoscopic
pyeloplasty simulator was tested and Cheung et al. [38] reported the
following usability scores on the 5-point Likert scale: 3.67 ± 0.58 rated
by 3 experts and 3.63 ± 1.22 rated by 22 novices, respectively.
During the study, it became apparent that several participants were
unsure whether they successfully punctured the interatrial septum. This
was largely due to the fact that after advancing the needle to puncture the
septum, the needle did not appear in the TEE image. The realism of the
TEE imaging simulation was rated the lowest with a score of 3.86 ± 0.64
and thus lower than the minimum acceptable score of 4.0. To improve the
realism of the TEE imaging simulation additional cameras could be used
to detect the tools during the TSP and merge the image of the tools with
the current TEE image.
Overall, the TSP simulator achieved good scores in the face and
content validation study, indicating that the simulator might be useful as
an educational platform for simulation-based training in TSP. DePonti et
al. [74] were able to show that simulation-based training of the TSP
procedure on a virtual simulator resulted in significantly shorter training
time and significantly better post-training performance when compared
with fellows who were trained conventionally. This is promising as we
believe that our simulator is superior with respect to true haptic perception
and offers the possibility to use real tools for the interventions and thus
could achieve similar or even better results.
Limitations. However, based on the face and content validation alone,
no conclusion is possible about the TSP simulator’s capability of
assessing a trainee’s performance and competence. To this extent further
and more objective validation studies are necessary, such as DePonti et
al. [74] did when comparing the performance of a group of experts to that
of a group of novices on the simulator, with the aim of showing good
construct validity of the TSP simulator. Limitations of the simulator are
that it does not yet include intracardiac echocardiography, pressure
recording and the possibility of dye injection, which is used in different
centres around the world and thus limits its potential utilization as a
training platform. These features might be included in future versions of
the simulator. Additionally, as silicone 3D printing [75,76] is becoming a
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viable method for manufacturing silicone phantoms, we expect to be able
to print larger phantoms in the coming years, which should significantly
reduce the cost and effort of manufacturing them and is expected to open
up the door for true patient-specific training.

3.5 Conclusion
In this study, we demonstrated the face and content validity of an
augmented physical simulator for the TSP procedure. The TSP simulator
was developed using 3D printing techniques and novel imaging
simulation solutions. Fourteen interventional cardiologists and cardiac
surgeons participated in a validation study in which they reported a good
overall impression, realistic haptic perception, and fluoroscopic imaging
simulation of the TSP simulator. Furthermore, usability was reported to
be very good, indicating that the simulator could be suitable as an
educational platform for simulation-based training in cardiovascular
surgery. As the TSP procedure is only one part of a complete transcatheter
cardiovascular intervention, efforts are underway to enhance the TSP
simulator to include more procedural training capabilities such as MVR,
atrial ablation, and tricuspid valve repair.
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4 Highly modular
transcatheter aortic valve
implantation simulator
This chapter contains a detailed description of the developed, highly
modular TAVI simulator. Especially emphasized are the design and
integration of the highly modular phantoms of the aortic arch, the aortic
valve, the left ventricle and the femoral puncture pad. Finally, the
application of the TAVI simulator is demonstrated in the context of the
Portico commissure alignment study (Section 4.3), which was published
as a short report in the EuroIntervention Journal [58].

4.1 Introduction
In recent decades, TAVI has emerged as a suitable alternative to
surgical aortic valve replacement in patients with symptomatic aortic
stenosis at high surgical risk [10]. Indications for certain devices have
steadily been expanded to include patients at intermediate and low
surgical risk of death and to patients with major complications associated
with open-heart surgery [77].
Currently, there are various devices commercially available. These
include the Sapien XT and Sapien 3 (Edwards Lifesciences, Irvine,
California, United States), the CoreValve and CoreValve Evolut R
(Medtronic, Dublin, Ireland), the Lotus Edge valve (Boston Scientific,
Marlborough, Massachusetts, United States), and the Portico system
(Abbott Laboratories, Chicago, Illinois, United States).
A major implication for health care providers is the rapidly increasing
number of TAVI procedures. According to Durko et al. [78], in the
European Union and Northern-America alone approximately 180 000
patients can be considered potential TAVI candidates annually. If
indications for TAVI expand to low-risk patients, this number might
increase up to 270 000 [78].
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With this rise in TAVI procedures education and training in TAVI
procedures has received more attention. Current TAVI training
simulators, however, are lacking the capability to practice with various
devices on a diverse set of scenarios.

4.2 TAVI simulator
The design and main elements of the TAVI simulator are displayed in
Figure 19. The simulator consists of a reservoir, which is filled with water
for operation, in which the anatomical phantoms of the aortic arch, the
aortic valve and the left ventricle are positioned. The reservoir is
connected to the hip module on the right and the pulsatile pump on the
left. In front of the pump, a touchscreen acts as the GUI for the whole
simulator. Each of the anatomical components is modular and can easily
be exchanged as is described in more detail in the following section.

Figure 19 Overview of the TAVI simulator. Located in the centre is the reservoir in
which the anatomical phantoms are positioned. To the right is the hip module with the
integrated femoral access pad and to the left is the pulsatile pump and the GUI.
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4.2.1 Modular design of the left ventricle, aortic valve
and aortic arch
The anatomical structures of importance for the TAVI procedure are
the groin area including the femoral arteries and veins, the aorta, the aortic
arch, the aortic valve and the left ventricle (Figure 20a). In the TAVI
simulator, the abdominal aorta and the lower part of the descending aorta
are represented by polyvinyl chloride (PVC) tubing. The upper part of the
descending aorta and the aortic arch are manufactured either out of
SortaClear 43 silicone or directly printed using PLA. The design follows
the procedure described in Section 3.2.1. Figure 20b shows a detailed
view of the aortic root, highlighting the design of the two interfaces. One
enables a tongue-and-groove joint connection with the exchangeable
aortic valves and the other is used for a snap-fit connection with the left
ventricle (Figure 20c).

Figure 20 Modular design of the aortic arch, aortic valve and left ventricle. (a)
Illustration of the left ventricle and the aortic arch. (b) The aortic valve can be inserted
in the aortic arch model and is held in place by a tongue-and-groove joint. (c) The
aortic arch model with the aortic valve attached can be inserted into the left ventricle
and is held in place by a snap fit connection. (Images adapted from Lucien
Anthamatten - ST 2018)

Presently, a total of 6 different aortic arches were manufactured. Details
of each one are shown in Figure 21. The aortic valves are directly printed
using a novel silicone 3D printer (SpectroPlast AG, Zürich, Switzerland
). They are then joined with a rigid ring, which can be snap-fitted into the
groove in the aortic arch phantoms. The left ventricle phantom is made
out of transparent epoxy resin. Finally, the groin area for the femoral
artery access is either simulated by tubing and an introducer sheath or in
the more realistic setting with a PVA femoral pad. This PVA pad is
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manufactured using the same procedure described in Section 3.2.1. In
total 4 variations of the aortic valve, one of the LV and one PVA pad are
available for the TAVI simulator. Figure 22 highlights the properties and
the differences between each of these phantoms.

Figure 21 Overview of modular aortic arch phantoms. List with key properties of
each phantom.

The modular design of all the anatomical structures, which are of
importance for the TAVI procedure enables the user to quickly create
novel training and test scenarios. A wide range of different scenarios with
varying degrees of difficulty can be created by combining the phantoms
in specific ways. Exchanging the various phantoms takes less than a
minute, is easy and requires no tools or specialized equipment.
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Figure 22 Overview of the modular aortic valve, left ventricle and femoral pad
phantoms. List with key properties of each phantom.

4.2.2 Pulsatile pump – physiological flow emulation
In the TAVI simulator, a pulsatile pump is used to create a circulatory
flow, which mimics the cardiovascular blood flow. This mimicked flow
results in the aortic valves opening and closing similarly as in a real
patient. This is crucial to create a realistic training experience, especially,
during procedural steps such as the aortic valve crossing.
The pulsatile pump consists of a linear motor LinMot™ PS0123x80F-HP-R (NTI AG, Spreitenbach, Switzerland) in combination with
the LinMot™ E1130-DP motor driver (NTI AG, Spreitenbach,
Switzerland), a 3D printed bellow, a pump head with check valves on the
inlet and outlet and a valve for de-airing the system (Figure 23a). Figure
23b and Figure 23c show a cross-section of the pump during systole and
diastole, respectively. The pump and thus the flow is controlled with an
original Raspberry Pi 7″ touchscreen mounted on a Raspberry Pi 2
(Raspberry Pi Foundation, Cambridge, United Kingdom). On the
touchscreen the following parameters can be set, according to the users'
needs:
1. The stroke volume. Range: 65-135 ml. Default: 75 ml.
2. The heart rate. Range: 24-60 bpm. Default: 50 bpm.
3. Turn the pump on or off.
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Similar to physiological pulsation a movement profile is implemented
with a compression (systole) time tc and expansion (diastole) time te with
a set ratio of tc/te = 0.6 [79], where tc and te are derived from the set heart
rate. With sp(t) representing the position of the linear motor stator head
and smax representing the maximum displacement of the stator head to
achieve the set stroke volume, the resulting movement profile of the linear
motor can be described as follows:
𝑡𝑡

Systole (t0 < t <= tc):
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Figure 23 Pulsatile pump design. (a) 3D rendering, (b) pump schematic during
systole, (c) pump schematic during diastole. (Adapted from Nikolaos Tachtos - MT
2018)

A limitation of the here described pulsatile pump is that the pressure
inside the phantoms is not directly controlled. However, for training
purposes being able to control the stroke volume and the heart rate is
sufficient. Furthermore, the implemented movement profile and the tc/te
ratio stays constant and is not influenced by the heart rate.
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4.3 Application in the “Transcatheter Aortic Valve
Neo-Commissure Alignment with the Portico
System” study
In collaboration with the cardiac surgery department of the USZ, a
step-by-step recommendation for the implantation of the Portico valve
was developed using the TAVI simulator as a test platform. The new
operating procedure provides a reproducible and standardized way to
achieve neo-commissure alignment and avoid coronary overlap.
This study has been published in EuroIntervention Journal as a short
report. The following sections are a more detailed description of this study
with parts of the sections taken directly from the short report [58].

4.3.1 Introduction
Transcatheter aortic valve neo-commissure alignment has been a hotly
debated issue since it is a predictor of challenging future coronary artery
access [80].
With transcatheter aortic valve implantation moving to low-risk and
younger populations, reliable and reproducible guidance on reorienting
transcatheter heart valve (THV) to reach a final neo-commissure
alignment and avoid coronary overlap became an urgent need. It has been
recently suggested that the orientation of the neo-commissures during the
navigation of the delivery system could be correlated with their final
position in the aortic annulus, and consequently, modified to improve
final THV orientation [81]. Based on this concept, initial
recommendations to improve final neo-commissural alignment have been
provided [81,82]. However, no previous study has considered the effect
of different aorta angulations and how to add this variable to a neocommissure alignment model; and none reported the feasibility of
neocommissure alignment with the Portico system (Abbott Structural
Heart, St. Paul, MN, USA).
Therefore, this article aims to provide a step-by-step recommendation
on how to align the Portico THV, in a reproducible and standardized way,
and to present the initial results obtained in patient-specific 3D printed
aortic models.
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4.3.2 Material and methods
Proposed commissure alignment model
Aiming to evaluate the feasibility of Portico neo-commissures
alignment, a patient-specific 3D aorta model was developed.
Considering that the Portico delivery system orientation can be
modified, at the discretion of the operator, by rotating it clockwise or
counterclockwise, we hypothesized that final neo-commissure
positioning could be reoriented. To perform the delivery system
reorientation and, consequently, the neo-commissure realignment, we use
the steps described in Figure 24, whose manoeuvres were performed with
the THV positioned in the descending aorta. We chose to rotate the
delivery system with the THV in the descending aorta to avoid
manipulation in the ascending aorta, close to the aortic valve, a riskier and
more challenging to turn position.
At the end of the procedure, final commissural alignment was defined
according to Fuchs A. et al. classification as [80]:
1.
2.
3.
4.
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Aligned: neo-commissures positioning between 0 and 15º of
deviation related to the native commissures position
Mild commissural misalignment: angle of deviation between 15
and 30º
Moderate commissural misalignment: angle of deviation
between 30 and 45º
Severe commissural misalignment: angle of deviation between
45 and 60º

4.3 Application in the “Transcatheter Aortic Valve Neo-Commissure
Alignment with the Portico System” study

Figure 24 Neo-commissure alignment concept. (a) Three native commissure markers
were separately identified. (b) A fluoroscopic projection depicting 2 native
commissures in overlap in the inner aorta curve (IAC) and 1 isolated in the outer aorta
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curve (OAC) was set. (c) Keeping this projection, the Portico delivery system was
advanced to the descending thoracic aorta. (d) The 3 neo-commissures markers were
oriented similarly to the native ones (2 in the IAC and 1 the in OAC) by rotating
clockwise the delivery system until the desired position (red box) was achieved. (e)
This concept considers the premise that structures localized in descending aorta's
medial aspect will be projected in the IAC once the delivery system is advanced. (f)
Standard fluoroscopic projection was resumed (avoiding parallax effect), the delivery
system advanced (keeping the employed rotation), and THV deployed as usual. At the
end of the implant, the X-Ray tube was rotated to check the final alignment in different
projections. (g) Final neo-commissure alignment evaluation in the benchtop model.
Since the deviation between native commissures (black dots) and neocommissures
(red dots) was <15º, the implant was considered aligned.

Patient-specific 3D aorta models
To validate the proposed commissure alignment method, three CT
scans, from patients with varying aortic root angulations (horizontal,
standard and anteriorized), were used to create detailed 3D aorta models.
The design workflow and manufacturing process of these models is
illustrated in Figure 25.

Figure 25 Manufacturing process with main steps illustrated. A CT/MRI scan is
segmented and turned into an STL 3D model of the desired anatomy. With CAD the
model is finalized and printed on a 3D printer. Finally, markers are attached to the
model and it is fixed on a base in which the models' orientation can be fixed.

First, the CT scan is segmented using the free and open-source
3DSlicer software [83]. The segmented aorta is then exported as an STL
3D model. Next, the STL 3D model of the aorta is processed using the
Meshmixer software (Autodesk, San Rafael, California, United States). A
shell is designed, representing the aortic wall and additional adapters are
attached to the model. These adapters enable the connection of the model
to the testbench setup and additionally make it possible to set and control
the angle in which the aorta model is fixed in the testbench. The 3D model
is printed on the Prusa I3 MK3 3D printer with the plastic filament
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material polylactic acid (PLA). Finally, the “native” commissures,
internal and externally of the 3D model, were marked using radiopaque
markers.
The choice regarding the use of 3D models with three different
angulations took into consideration the premise that the aorta root
angulation varies according to individual patient anatomy. Considering
this anatomical variation, the mean angulation between the aortic root and
the descending aorta was calculated in 30 patients, whose preoperative
CT images were stored in our 3mensio dataset. The mean value obtained
was used to define the standard model, and the 2 extremes values (2
standard deviations) were used to define the horizontal and the
anteriorized models. One interventional cardiologist performed all the
measurements in order to prevent inter-observer variability. First, the
operator marked one spot signalizing the commissure between the noncoronary and the right-coronary cusp. Second, another spot was marked
in the middle of the descending aorta. Then, a transversal plane was drawn
connecting these two spots. The software automatically calculated the
aortic root angle. The commissure between the non-coronary and rightcoronary cusp was used as a landmark because this is the location where
the guidewire and the THV are commonly positioned during the THV
delivery.

4.3.3 Results
To evaluate the reproducibility and the consistency of the neocommissures orientation model, 3D printed aorta models with three
different angulations, one representing an anteriorized, one a standard,
and one a horizontal aorta were used (Figure 26). The angles used to print
the 3D aortic root models were calculated based on stored preoperative
CT from 30 patients submitted to TAVI procedures, whose measurements
were performed as described above. The mean calculated angulation
between the aortic root and the descending aorta was 72.6º ± 7.2º (-2 SD:
58.2º, +2 SD:87º).
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Figure 26 Overview of the three models used for this study. (a) 3D models printed in
different aorta angulations (horizontal, standard, anteriorized). (b) Models fixed on
the base, which then is placed in the TAVI simulator.

Two different operators performed five deployments in each model,
counting 15 deployment per operator and thirty deployments in total.
All deployment attempts were fluoroscopic-guided, and the
procedure, as well as the final results, were recorded using an external
camera focused on the aorta model. The final positioning alignment was
evaluated based on recorded fluoroscopic videos and pictures obtained
after each deployment.
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4.3 Application in the “Transcatheter Aortic Valve Neo-Commissure
Alignment with the Portico System” study

In all tests performed, neo-commissure alignment (≤ 15º angle of
deviation related to the native commissures position) was obtained, which
means a 100% success.

4.3.4 Discussion
With TAVI rapidly spreading to younger and lower-risk patients,
concerns about future coronary reaccess, THV durability, and redo-TAVI
feasibility have become particularly relevant. Among the factors related
to THV durability and coronary reaccess, THV orientation has received
growing interest since it is a potentially modifiable factor. It has been
demonstrated that an asymmetrical or non-aligned THV deployment may
result in coronary obstruction, challenging coronary reaccess, poor
hemodynamic performance, intraluminal thrombosis, accelerated leaflet
deterioration, and reduced prosthetic functional life [84]. Ochiai et al.
reported unfavourable coronary access in 25.8% and 34.8% (for the right
and left coronary, respectively) of patients submitted to an Evolut R/PRO
implant; and in 8.1% and 15.7% of those who received a SAPIEN 3 [82].
Similarly, Tang et al. [81] retrospectively reported overlap with at least
one coronary artery in 30% to 50% of patients. For the Evolut THV, the
authors achieved significantly less overlap if the Evolut “Hat” was located
at an outer curve (OC) or centre front (CF) position in the descending
aorta. Despite the relevance of these pioneer studies, the impact of
different aorta angulation on final THV orientation was not considered,
and even with the “Hat” position modification proposed by Tang, overlap
with 1 or both coronaries was still present in 20.2% of the cases.
Furthermore, no study evaluating Portico neo-commissure alignment
feasibility is available so far. Regarding the usefulness of 3D-printing
models to develop and test new interventions in structural heart disease,
it is well-recognized that 3D-models provide a unique patient-specific
technology, with accurate spatial visualization of anatomical details.
Therefore, this technology has been successfully used to provide an
enhanced understanding and haptic representation of cardiovascular
anatomies, allowing reliable experimental simulations or procedural
planning [85,86].
Taking into consideration these facts, the present article is innovative
since:
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1.

We describe in a detailed way how to develop a patient-specified
3D printed aortic model, which provides a reliable TAVI
simulated environment.
2. We provide a step-by-step recommendation on how to reorient
the Portico delivery system to reach final neo-commissure
alignment, which proved to be consistent and reproducible, even
in different aorta angulation models.
Using these models and the steps described above, we demonstrated
an excellent correlation between the neo-commissures marker's
orientation in the descending aorta and their final position in the aortic
annulus. Therefore, simple delivery system rotational manoeuvres,
concurrently with native and neo-commissures overlap, led to a
satisfactory final THV orientation. Using these same steps, with slight
adaptations, we extrapolate that neo-commissures alignment could also
be reached in real-life TAVI deployments.
Limitations: The results reported here apply to experimental models
and are limited by a lack of clinical validation. We are currently
performing a prospective clinical study to validate this concept in real-life
TAVI procedures.

4.3.5 Conclusion
Neo-commissure alignment is a crucial issue once misalignment has
been associated with post-procedural challenging coronary reaccess and
faster THV deterioration. Experimental tests using 3D-printed aortic
models demonstrated the feasibility and effectiveness of Portico neo
commissures alignment. The proposed orientation steps were simple and
straightforward, with success in all deployments performed.

4.4 Discussion
The TAVI simulator platform is a versatile tool, whose application has
been demonstrated in the scope of validating a new operating procedure
to achieve neo-commissure alignment and avoid coronary overlap as
described in the Portico transcatheter aortic valve commissure alignment
study.
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Furthermore, it represents a platform on which new patient-specific
models can easily be integrated and tested. Therefore, the TAVI platform
was also used to train prospective physicians in educational settings
during CAS courses held by experts from the USZ. The diverse set of
modular anatomical phantoms, described in Section 4.2.1, enabled the
instructors to create a wide range of different training scenarios with
varying degrees of difficulty. Qualitative feedback from physicians
training on the TAVI simulator was positive, however, no validation
study has yet been conducted for the TAVI simulator in an educational
setting.
Limitations: Depending on the application of the TAVI simulator,
real fluoroscopy may be unavoidable, e.g. if fluoroscopic markers of the
tools need to be visible. Furthermore, the friction between the silicon
phantoms and the interventional tools is too high. This can be mitigated
by using lubricants, however, this will contaminate the tools and thus is
only a short term solution. The cardiac output of the simulator is similar
in volume to a real patient, however, pressures are not controlled and are
much lower than in a real cardiovascular system. For application where
this is of importance, the simulator would have to be modified, e.g by
adding pressure columns to the system.

4.5 Conclusion
In this chapter, the development and application of the highly modular
TAVI simulator were described. In the Portico transcatheter aortic valve
commissure alignment study the simulator was used to test and validate a
new operating procedure. Furthermore, the TAVI simulator was used for
the training of prospective physicians during CAS courses at the USZ.
The modularity of the platform enables easy and quick adaption to various
application scenarios. Next, further studies are needed to validate the
TAVI simulator for use as a training simulator and, ideally, to
demonstrate a positive correlation between simulation-based training and
operator performance in the real operating room.
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of operators during
catheter-based
cardiovascular interventions
The content of this chapter is completely taken from [59].

5.1 Introduction
Minimally invasive surgeries have gained widespread clinical
acceptance and have evolved as the gold standard for many procedures.
These procedures experienced rapid growth in recent decades and are
projected to continue growing at a compound annual growth rate of 10.9%
from 2018 to 2025 [13,14]. One of the largest fields of minimally invasive
surgeries are catheter-based cardiovascular interventions. As indications
for CBCVIs are expanding, educators are faced with a major challenge in
training operators for these highly complex interventions. Becoming an
expert operator and achieving optimum patient outcomes in CBCVIs
requires the mastery of multiple interrelated cognitive skills [87].
CBCVIs are primarily guided by visual data such as static and dynamic
X-ray images or echocardiographic imaging such as TEE or intra-cardiac
echocardiography. Thus, the operator’s ability to rapidly and efficiently
process and interpret these visual images is decisive [88]. To date,
however, little is known about the perceptual skills and successful
viewing and image processing strategies employed by experienced
operators performing CBCVIs. Understanding this could be useful in
instructing novices and optimizing their viewing strategies for CBCVIs.
Advancements in eye tracking technology, especially the development
of mobile eye tracking enable us to study viewing strategies in real-life
settings. In medicine, however, this technology has only been used to a
limited extent. In the field of CBCVIs, Lanzer et al. [89] are to date the
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only ones that studied the perception and viewing strategies of an expert
operator in real interventions. Lanzer et al. characterized visual X-ray
processing in CBCVIs of one expert operator and reported differences
between visual behaviour of the expert operator compared to a novice that
was observing the interventions. They concluded that understanding
expert processing skills may assist in the transfer of experts’ reading skills
to novices. However, this study is limited to the operators’ interaction
with the X-ray screen and does not consider the operators' perception of
the broader working environment.
In this article, we investigate expert operator’s visual perception
strategies in CBCVIs and compare it to novices, to find viewing patterns
and transferable skills for education. In doing so, we advance the
understanding of visual perception strategies during real CBCVIs. We
hypothesized that expert perception and interpretation skills for CBCVIs
are based on similar eye movement patterns and that they differ from
viewing strategies of novices. Mastering these viewing patterns enables
the expert operator to cope with the ever-increasing amount of
information he/she has to process, evaluate and weight in order to make
informed decisions and free up limited cognitive resources to focus on
other interventional issues. In this study, we highlight how eye tracking
can be used to assess eye movement patterns and to reveal perception
strategies. This could enable the characterization and externalization of
optimal perception strategies, which could shorten the learning curve and
open up opportunities for new learning methods.

5.2 Materials and methods
5.2.1 Eye tracking glasses
In this study, mobile eye tracking glasses were employed to measure
the distribution of operators’ visual and cognitive attention as they
perform complex CBCVIs in a real-life setting. These glasses capture the
participant’s field of view (‘scene video’) and with two cameras located
in the lower frame record the corneal reflection, resulting from infrared
lighting emitted by the glasses, to track pupil position (Figure 27). Based
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on these measurements the subject’s focus of attention (gaze point) is
mapped onto and displayed within the scene video [90].

Figure 27 SMI ETG 2.7 eye tracking glasses. Emphasized are the forward-facing
“scene camera” and the backwards-facing left and right “eye camera”

The eye tracking data were recorded using the SMI Eyetracking
Glasses 2 Wireless system (SensoMotoric Instruments, Teltow,
Germany). These mobile eye tracking glasses track the gaze point at a
sampling rate of 60 Hz and measure the angle of view with a reported
accuracy from the manufacturer of 0.5°. The scene video was recorded
with a resolution of 1280 × 960 px at 30 fps. Audio data was recorded
with an integrated microphone. Before every procedure, the eye tracking
glasses were fitted to the operator and calibrated to the distance of the
fluoroscopy and echocardiography screens (~1 m) using a 3-point
calibration process. Possible visual impairment of the operators was
corrected with the SMI magnetic snap-on corrective lenses, which
enabled a refractive correction of ± 4 diopters in 0.5 diopter steps.
Dimensions and appearance of the mobile eye tracking glasses are similar
to eyewear routinely used in CBCVIs for X-ray protection. Therefore, the
operators’ field of view, the vision and ability to view the environment
corresponded to the real-life working environment.
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5.2.2 Study protocol
All procedures were performed in the catheterization laboratory of the
Department of Cardiac Surgery of the University Hospital Zurich,
Switzerland and took place between May 7, 2018, and May 15, 2019. No
emergency procedures were included in the study and standard operating
procedures (SOP) were followed in all interventions. Further, no changes
have been made to the equipment, the lighting or any other aspect of the
operating room. Based on this, we assumed that no confounding variables
other than those surrounding any real intervention have been introduced.
Detailed information about the operators is given in Table 3. 25
procedures were performed by two expert operators and 8 by three novice
operator. Expert operators were defined as having performed more than
30 CBCVIs involving the TSP. Operators with less than that were
classified as novices. 33 patients, 17 females (mean age 79.5 ± 6.4 years)
and 16 males (mean age 76.0 ± 11.0 years) underwent CBCVIs, including
31 MitraClip procedures and 2 CardioBand interventions. All of which
comprised the transseptal puncture as an important interventional routine
(IR). At USZ, during the TSP procedure, the operators make use of
fluoroscopy and TEE imaging modalities, while advancing guidewires
and catheters to a specific position on the interatrial septum to puncture
the septum with the transseptal needle. This article reports findings based
on data analysis confined to this IR.
Table 3 Specific background information of the operators
Operator
1
2
3
4
5

Skill
Level
Expert
Expert
Novice
Novice
Novice

Gender
(m/f)
m
m
m
m
m

# of transseptal
punctures performed
>500
110
10
1
15

# of interventions
in this study
14
11
3
1
4

All patients were informed of the study and signed an informed
consent form to be eligible for this study.
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5.2.3 Data analysis
For analysis, the TSP procedure was divided into two distinct IRs. IR
1: Introduction and placement of the guidewire, sheath and transseptal
needle in the superior vena cava. IR 2: Careful retraction of the assembly
into the right atrium and simultaneous positioning of the sheath tip on the
interatrial septum on the fossa ovalis, followed by the puncturing of it.
The analysis was performed on each IR individually.
Eye tracking data were then mapped onto a reference image with
defined AOIs (Figure 28). AOIs for this analysis included the fluoroscopy
screen (“Fluoro screen”), the TEE screen (“Echo screen”) and the patient
(“Patient”). SMI BeGaze 3.6 software (SensoMotoric Instruments,
Teltow, Germany) was used to process the raw eye tracking data, map it
onto the reference image and to export the analysis results.

Figure 28 Reference image of the working environment. Areas of interest are
highlighted and include the “Fluoro screen”, the “Echo screen” and the “Patient”. Not
highlighted is the “Other” area, which comprises the remaining area of the reference
image

Eye-tracking-derived metrics were computed in order to analyse and
reveal operators’ visual and cognitive attention distribution. These
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metrics were used in similar studies [91,92]. Percentage dwell time (PDT)
was computed by adding up time spent focusing on each AOI during each
IR and dividing it by the total time needed to complete the analysed IR.
Typically, long dwell times on an AOI reflect intensive cognitive efforts,
whereas short dwell times correspond to less intensive cognitive efforts
and thus easier information processing [93,94]. AOI transitions count was
used to assess gaze point movement between AOIs. The AOI transitions
count represents the number of direct switching of the gaze point from
one AOI to another. Thus, transition plots indicate the dominant pathways
on which the operators scan the working environment and move from one
AOI to the next.

5.2.4 Statistical analysis
For statistical analysis, the operators were grouped into either the
expert or novice category depending on their skill level as listed in Table
3. The statistical analysis of the indicators introduced in Section 5.2.3 was
conducted using the StataSE 15.0 software (StataCorp LLC, College
Station, Texas, U.S.). First, the data were tested for normality using
Schapiro Wilk’s test with p > 0.05 as a threshold for normality.
Subsequently, depending on data distribution a pair-wise comparison was
conducted between the different categories using a two-tailed two-sample
assuming unequal variances t-Test or a Mann-Whitney U test if data was
non-normal distributed.

5.3 Results
No complications occurred in any of the interventional procedures and
no study-related adverse effects were observed. Procedure data are
provided as supplementary material in Appendix A in Table A4. Case
number 17 and case number 28 had to be excluded from the analysis due
to a malfunctioning of the eye tracking glasses. Furthermore, in case
number 9 only IR 2 was available for analysis because the operator was
not present at the beginning of the procedure and took over the
intervention from the assistant towards the end of IR 1.
Analysis of the operators gaze point data revealed significant
differences in visual behaviour patterns of expert operators compared to
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novices. The results of a quantitative analysis of the attention distribution
PDT of the expert and novice operators on the defined AOIs are listed in
Table 4 for the IR 1 and in Table 5 for the IR 2.
Table 4 Results of statistical analysis of the percentage dwell time of expert and
novice operators for interventional routine 1.
AOI
Fluoro
screen
Echo
screen
Patient

PDT (%)
mean
median
SD
count
mean
median
SD
count
mean
median
SD
count

* p<0.10, ** p<0.05, *** p<0.01

Experts
37.12
31.03
19.16
23
7.47
3.40
10.72
23
39.00
38.65
14.13
23

Novices
44.27
33.38
21.23
7
3.72
2.51
4.12
7
48.58
50.25
19.11
7

Difference
7.15

p-value
0.62

-3.75

0.37

9.58

0.16

AOI: Area of interest, PDT: percentage dwell time, SD: standard
deviation

In the IR 1, no significant differences were observable between the
PDT of the expert operators compared to the novices. In general most of
the attention of the experts as well as of the novices was distributed
equally between the Fluoro screen and the patient itself. The remaining
attention was distributed between the Echo screen and the rest of the
surrounding environment. Experts focused slightly more on the Echo
screen (7.47%) compared to the novices (3.72%). Novices, however,
spend more time looking on the Fluoro screen (44.27%) and on the Patient
(48.58%) compared to the experts' attention on the Fluoro screen
(37.12%) and on the Patient (39.00%).
During IR 2, experts focused mainly on the Echo screen (78.75%).
Novices, however, only spent 51.99% of their time looking at the Echo
screen and thus, significantly less (−26.76%) than the experts. A
significant difference was also observed in the PDT on the Fluoro screen.
The experts spent 22.33% less time focusing on it than the novices.
Finally, with 6.84% the novices spent slightly more time than the experts
with 2.53% focusing on the Patient.
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Table 5 Results of statistical analysis of the percentage dwell time of expert and
novice operators for interventional routine 2.
AOI
Fluoro
screen
Echo
screen
Patient

PDT (%)
mean
median
SD
count
mean
median
SD
count
mean
median
SD
count

* p<0.10, ** p<0.05, *** p<0.01

Experts
16.79
15.37
9.48
24
78.75
81.09
13.18
24
2.53
0.87
4.41
24

Novices
39.11
35.38
12.75
7
51.99
52.07
14.64
7
6.84
2.33
7.70
7

Difference
22.33***

p-value
0.00002

-26.76***

0.00007

4.32*

0.07

AOI: Area of interest, PDT: percentage dwell time, SD: standard
deviation

The average AOI transitions count of experts and novices is depicted
in Figure 29. There are no significant differences observable in the
importance of the different transition paths. In both cases, transitions
between Fluoro screen and Echo screen are the dominant pathways.
However, novices tend to transition more between the AOIs, especially
between the Fluoro screen and the Echo screen.

Figure 29 Transition pathways and transition counts. Transition pathways and
transition count between the areas of interest. (a) Averaged for the expert operators,
(b) averaged for the novice operators
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Qualitative differences in attention distribution are shown exemplarily
in Figure 30, depicted are the gaze point data of the last 30 s before the
TSP of an intervention performed by an expert (case 15) and one
performed by a novice (case 08).

Figure 30 Scan path visualization. Scan path of the operators during the 30 s before
the transseptal puncture. Shown are gaze point data from the case 08 and 15 mapped
to the reference image. (a) Scan path of an expert operator. Almost all fixations are
concentrated on the echocardiography screen. Gaze points transitions a few times
from the echocardiography screen to the fluoroscopy screen and back. (b) Scan path
of novice operator. Novice attention is more distributed between the AOIs. Many
fixations are concentrated on the working area (hands, tools, patient). In general,
attention is less focused when compared to the experts' scan path distribution

5.4 Discussion
In the present study, we analysed the visual behaviour of operators
during the TSP procedure in a real-life context. We were able to shed light
on the complex perceptual and cognitive processes involved in CBCVIs
by identifying visual behavioural patterns exhibited by the operators.
The results show that the operators exhibit clear and identifiable visual
behaviour patterns for the two IRs of the TSP procedure. Furthermore,
significant differences in PDT on the defined AOIs were observed for IR
2, when comparing the expert operators to the novice operators. For IR 1
no significant differences in PDT were measured. This could be explained
by the difference in complexity and difficulty of IR 1 and IR 2 of the TSP.
IR 1 is less complex and challenging then IR 2 and consists mainly of
advancing guidewires and catheters up to the superior vena cava without
the need for precise positioning of the tools. IR 2 on the other hand
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requires the operator to precisely position the transseptal needle on the
interatrial septum. Thus, differences in visual behaviour patterns of expert
and novice operators could be more distinct for complex and demanding
interventional actions than for easier ones.
In IR 2 we observed significant differences between PDT on different
AOIs between expert and novice operators. Experts spent less time
focusing on the Fluoro screen with 16.79% than novices with 39.11%,
indicating that they are quicker in perceiving all the relevant data
displayed to them on the screen in order to for example validate the
position of the transseptal needle. Furthermore, as X-rays are harmful to
the patient and the medical staff in the operating room, every operator
tries to minimize the usage of the fluoroscopic imaging system. The
results show that the experts are better at this. This correlates well with
studies in radiology where it was found that experts are faster in
interpreting X-ray images than novices [95,96].
Overall in IR 2 the experts spent most of their time (78.75%) looking
at the Echo screen, a non-harmful imaging modality, and significantly
more (26.76%) than the novices with 51.99%. It seems that the expert
operators can read more information from the TEE images which enables
them to minimize the use of the fluoroscopy system. Lastly, in IR 2 the
experts spend very little time (2.53%) looking at the Patient. This is 4.32%
less than the novices with 6.84%. This could be explained by the fact that
the novices more frequently have to visually check whether they are
manipulating the tools correctly. Currie et al. [91] observed a similar
difference during cardiac catheterization procedures performed on a
simulator.
Qualitative analysis representatively shown in Figure 30 revealed that
the novice operators tended to move their gaze around in large areas of
the working field. Contrary to this, experts focused their gaze on very
specific areas and moved around less. Lanzer et al. [89] reported similar
findings when analysing search strategies on X-ray images.
Overall the results clearly show that the viewing strategies of
operators conducting real CBCVIs can be measured and that they differ
for expert and novice operators. The knowledge of these viewing
strategies and the exploitation of the differences could be a useful tool to
facilitate the transfer of skills and knowledge from expert to novice
operators and in optimizing the operators viewing strategies. This could
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be achieved in a classroom-style education by revealing the expert visual
behaviour to novices, discussing and studying positive and negative
examples and compare them to one’s own visual behaviour. In addition,
medical education, which is already experiencing a shift towards
simulation-based training could be enhanced by incorporating eye
tracking capabilities and insights regarding viewing strategies during real
procedures. Simulators with objective evaluation parameters, such as eye
tracking data, could be used in regular assessments of prospective
physicians and would enable observers to have more evidence-based data
to determine if someone has acquired the necessary skills and expertise to
perform procedures in a real setting. Furthermore, in combination with
augmented reality, the visual behaviour patterns could be utilized to
automatically track the state and progress of the interventions to guide the
operator and display progress specific information to her/him and an
increase in patient safety could be possible by utilizing the technology as
a mean to continuously and objectively assess operators’ performance and
quality of care.

5.5 Limitations
The number of expert operators in CBCVIs and the number of
operators being educated in them is limited. For this reason, this study
was conducted with two expert operators and three novice operators.
Together they performed 33 CBCVIs which were considered for this
study. To validate and extend the applicability of this study’s findings,
larger studies with more operators are needed. This is necessary to
characterize the expert operator’s visual behaviour patterns and strategies
and eventually transfer them into educational curricula and objective
assessment tools. In addition, because this was a single-centre study, the
influence of differences in medical equipment and infrastructure could
not be investigated. However, differences in the accessibility, capabilities
and quality of the imaging systems likely have an effect on the visual
behaviour patterns exhibited by the operator and thus should be
considered in future studies.
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5.6 Conclusion
In this study, we measured and compared for the first time the visual
behaviour of multiple operators with different skill levels in real CBCVIs.
In doing so, we were able to show that operators exhibit identifiable and
characteristic visual behaviour patterns for specific IRs in CBCVIs. These
identifiable visual patterns are based on the distribution of the PDT on the
AOIs and on an average transition count between the AOIs.
More importantly, we could show that the visual patterns exhibited by
the experts were significantly different from the patterns exhibited by the
novices. This indicates that the visual behaviour patterns of operators, as
measured in this study, could be employed as an objective performance
evaluation and assessment tool, which is an important contribution to
achieve standards for surgical education. In addition, the data offers the
potential to train and instruct both beginners and experts to optimize their
viewing strategies.
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6 Quantification of avoidable
radiation exposure in
interventional fluoroscopy
with eye tracking
technology
The content of this chapter is completely taken from [62].

6.1 Introduction
Reducing radiation exposure in interventional fluoroscopy is a top
priority because it delivers the highest radiation dose of any image-guided
procedure [97]. Moreover, innovations in fluoroscopy and in the field of
minimally invasive surgeries led to a sharp increase in procedural
volumes. As a result, the average annual proportion of radiation exposure
received by the US population due to interventional fluoroscopy
increased from 3% to 14% between the 1980s and 2006 [98].
In an effort to reduce the amount of unnecessary radiation exposure,
the Food and Drug Administration launched an initiative in 2010 that
included the following proposals: implement technical standards to
promote the safe use of medical imaging devices, educate physicians and
medical personnel in radiation safety, facilitate appropriate utilization of
medical imaging, and support informed clinical decision making [99]. It
is clear that in addition to technical innovations and improvements, the
human factor is vital in reducing unnecessary radiation. Smith-Bindman
[60] found that radiation doses for identical procedures can vary by as
much as 13-fold within and across institutions. Brenner and Hricak [61]
pointed out that another major contributor to unnecessary radiation and
potentially the most problematic is the overutilization of medical imaging.
In fluoroscopically guided interventional procedures, this issue of
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overutilization has not yet been addressed and has so far not been
quantified. However, in these procedures, in contrast to computed
tomography (CT) procedures, the surgeon is the main determinant for the
amount of radiation used [100].
In the last few years, machine learning has rapidly expanded in
medical applications and particularly in medical imaging applications
[101]. Machine learning applications in medical imaging often pertain to
the following areas: image segmentation (segmenting organs and
landmarks in images), detection (detecting organs and landmarks in
images) characterization of diseases [102–104], processing, and
reconstruction (filtering, noise/artefact reduction, image reconstruction)
[105,106]. Some of these machine learning algorithms aim to reduce
radiation dose. Often, they use processing and reconstruction of low-dose
images to achieve images with an equal or superior quality compared with
reference dose images. Even though, so far, little work has been done in
using machine learning algorithms to reduce radiation dose or mitigate
overutilization during interventional procedures.
Thus, the aim of this work was to quantify the overutilization of
radiographic imaging during fluoroscopically guided interventional
procedures by exploiting the capabilities of machine learning algorithms.
Hendee et al. [107] defined overutilization as “applications of imaging
procedures where circumstances indicate that they are unlikely to
improve patient outcome.” When applied to the fluoroscopically guided
procedures of this study, “overutilization” was defined as the X-ray being
switched on while the operator did not look at the fluoroscopy screen.
Machine learning algorithms and mobile eye tracking technologies
enabled us to track precisely when the operators were looking at the
fluoroscopy screen during the interventions and thus we were able to
quantify for the first time the percentage of avoidable radiation in
fluoroscopically guided interventional procedures. Using this percentage
and taking into account the X-ray system–measured dose estimations, the
potential reductions in the two dose quantities of air kerma (AK) and dose
area product (DAP) are computed. These insights are useful for
continuing education and sensitization in radiation safety and protection
and thus could be helpful in establishing improved quality control in
managing avoidable radiation exposure in fluoroscopically guided
interventions.
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6.2 Materials and methods
6.2.1 Study details
All the procedures in this study took place between May 7, 2018, and
May 15, 2019, and were performed in the catheterization laboratory of the
Department of Cardiac Surgery of the University Hospital Zurich. The
interventions followed established standard operating procedures and no
emergency procedures were included. Eligible interventions were limited
to catheter-based cardiovascular interventions containing the transseptal
puncture procedure and mitral valve interventional routines [59]. The
number of patients enrolled in this study was selected in accordance with
standard sample sizes of ET studies in medical settings [89,108–110]. In
a total of 33 patients, 18 women (mean age, 79.5 ± 6.7 years) and 15 men
(mean age, 76.0 ± 11.4 years) took part in the study and underwent
fluoroscopically guided cardiovascular interventions, including 31
MitraClip (Abbott Laboratories, Abbott Park, IL) procedures and 2
CardioBand (Edwards Lifesciences Corporation, Irvine, CA)
interventions. The procedures were performed by 5 different operators (2
experts and 3 novices); 24 of the interventions were performed by expert
operators and 9 by novice operators. Before enrolling in the study, all
patients were informed of the study and signed an informed consent form
to be eligible.
During the study, the SMI Eye-tracking Glasses 2 Wireless system
(SensoMotoric Instruments, Teltow, Germany) were worn by the
operators to track eye movements and thus infer their focus of attention
(gaze point) as they performed the fluoroscopically guided cardiovascular
interventions (see Figure 31a). The glasses tracked the gaze point with the
left and right eye camera at a sampling rate of 60 Hz and measured the
angle of view with a reported accuracy from the manufacturer of 0.5°.
The field of view of the operator was recorded with the “scene camera”
with a resolution of 1280 x 960 px at 30 fps (see Figure 31b).
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Figure 31 (a) One of the operators performing a fluoroscopically guided
cardiovascular intervention while wearing the SMI eye tracking glasses. (b) The eye
tracking glasses with built-in cameras are shown.

6.2.2 Gaze on fluoroscopy screen
In eye tracking technologies, the current state of the art in analysis for
experiments in real-world applications is an AOI analysis based on a
fixation-by-fixation algorithm. In this analysis, the gaze point of each
visual fixation is mapped manually to a reference image. This manual
mapping process is tedious, time-intensive, and infeasible for the analysis
of the long experiments. Thus, we used a novel machine learning
algorithm developed by Wolf et al. [111] entitled computational GazeObject Mapping (cGOM). The cGOM algorithm is based on Mask RCNN, a deep convolutional neuronal network introduced in 2017 by He
et al. [112] and enables an automated AOI detection and gaze mapping
for experiments in real-world settings.
The cGOM algorithm, or more specifically the underlying Mask RCNN model, is trained to recognize specific AOIs. In this study, we
defined and trained 2 AOIs; the first AOI is the fluoroscopy screen, which
is labelled as “Fluoro,” the second AOI is the echocardiography screen,
which is labelled as “Echo,” and everything else is automatically
identified as background and labelled as “BG.” To train the Mask R-CNN
model to recognize these AOIs, a total of 45 images were manually
labelled using the open-source VGG annotator [113]; 36 images were
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used for training and 9 for validation (see Figure 32). Performance of the
AOI recognition was assessed by inspecting video sequences where the
trained Mask R-CNN model would highlight the detected AOIs as
coloured masks inside the video frame. When the detection and masking
of the AOIs were satisfactory, the Mask R-CNN model was considered
“trained” and subsequently used for the cGOM algorithm validation.

Figure 32 Exemplary labelled image. The defined areas of interest “Fluoro” and
“Echo” are manually labelled for 45 images. A total of 36 images were used for
training and 9 for validation of the computational Gaze-Object Mapping (cGOM)
algorithm.

To perform the automated AOI analysis, the inputs to the trained
cGOM algorithm were the raw scene videos from the eye tracking glasses
and a TXT file exported from the SMI BeGaze 3.6 software
(SensoMotoric Instruments), which included the start and end time of
each fixation as well as the x, y pixel coordinates of the gaze point of each
fixation (see Figure 33a).
The cGOM algorithm's output is a video overlaid with the
automatically generated masks of the defined AOIs and the gaze point, as
well as a TXT file with the start and end time of each fixation and its
corresponding AOI label prediction. This TXT file was subsequently
transformed into a binary plot indicating when exactly the operator was
looking at the fluoroscopy screen (see Figure 33b).
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Figure 33 Data analysis workflow. (a) Raw scene video and fixation data are inputted
into the trained computational Gaze-Object Mapping (cGOM) algorithm. (b) The
algorithms outputs are a masked scene video with the gaze point overlaid and a TXT
file with the fixation labels and the fixations start and end times. These are used to
compute a binary plot that describes when the operator looked at the fluoroscopy
screen.

To validate and measure the performance of the trained cGOM
algorithm, manually labelled fixations from each experiment were
compared with the trained cGOM algorithm label predictions. This
validation is based on a total of 34,822 fixations that were previously
labelled to investigate the visual behaviour patterns of operators during
specific interventional routines during cardiovascular interventions [59].
These fixations correspond to approximately 10 minutes of labelled data
per procedure and thus represent only a part of all the fixations tracked in
each procedure for this study. Table 6 depicts the performance of the
trained cGOM algorithm. The 95% confidence interval reported in Table
6 was computed according to the Wilson score interval with continuity
correction derived from Newcombe [114]. Most importantly, for this
study, the cGOM algorithm achieved a sensitivity or true-positive rate
(TPR) of 93.89%. The TPR indicates the percentage of actual positives,
in this case, fixations on the “Fluoro” AOI, which are correctly identified.
Subsequently, the false-negative rate equals 6.11% (1 – TPR) and refers
to the fraction where the algorithm falsely classified the scenario as
looking at the background, when in fact the operators were looking at the
“Fluoro” AOI.
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Table 6 Validation metrics of the agreement between the actual manually labelled
fixations and the trained cGOM algorithms label predictions.
cGOM validation metrics

Value

Fixation sample size

95% Confidence Interval
Lower Limit

Upper Limit

34 822

-

-

True positive rate (sensitivity), %

93.89

93.34

94.40

False negative rate, %

6.11

5.60

6.66

True negative rate (specificity), %

99.10

98.98

99.21

Accuracy, %

97.88

97.73

98.03

Precision, %

96.97

96.56

97.33

6.2.3 X-ray switched on or off
All interventions were performed in the same hybrid operating room
at the University Hospital Zurich, which was equipped with the Philips
Allura Xper FD20 X-ray system (Philips, Amsterdam, the Netherlands).
For each procedure, the fluoroscopy screen recordings were acquired and
processed to determine exactly when and for how long the operator
switched the X-ray on or off during the entire intervention. Specifically,
the total fluoroscopy time indicator on the screen (highlighted in blue in
Figure 34a) was read out using the MATLAB Release 2018a (The
MathWorks, Inc, Natick, MA) software. First, the rgb2gray [115]
function was used to convert the screen recording RGB frames into a
grey-scale image, which in turn was binarized using the imbinarize [116]
function. Subsequently, the ocr character recognition [117–119] function
was applied to the binarized region of the fluoroscopy time indicator
(highlighted in blue in Figure 34a). The output was then used to compute
a binary plot spanning the entire procedure time, which shows if the Xray was on or not at any given time of the procedure (see Figure 34b).
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Figure 34 Detection of whether the X-ray is on or off based on the fluoroscopy screen
recording. (a) Displayed is an exemplary frame of the fluoroscopy screen recording.
Highlighted in blue is the total fluoroscopy time indicator, which was analyzed to
compute the exact times when the X-ray was on and off for the entire procedure. (b)
Computed output, showing the X-ray on or off state for the procedure.

6.2.4 Data analysis
Comparison
To compute the amount of avoidable radiation, a comparison was
made between the length of time the X-ray was switched on and the length
of time the fluoroscopy screen was looked at (see Figure 35). Specifically,
the binary data computed from the automated cGOM analysis (Section
6.2.2) and the binary data from the fluoroscopy screen recording (Section
6.2.3) were synchronized and compared with each other. For this
comparison, the following considerations were made: fluoro screen
fixations were considered only if the operator wearing the eye tracking
glasses was controlling the X-ray system and the X-ray was switched on
at that time. If a fixation did not fulfil these requirements, it was
disregarded for the analysis (illustrated as “Disregarded fixation” in
Figure 35). In addition, events where the operator was looking at the
fluoroscopy screen, then moved his gaze away and back to the screen in
less than 1 second, were considered as continuously looking at the
fluoroscopy screen (illustrated as “Short gaze away” in Figure 35). This
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consideration had a positive effect on the performance of the operator and
thus led to a more conservative estimation of the amount of avoidable
radiation.

Figure 35 Illustration of data comparison. The X-ray state is indicated in red. Operator
gaze data were considered for analysis only if they occurred while the X-ray was
switched on; other fixations were disregarded. In addition, short gazes away from the
fluoroscopy screen (of duration less than 1 second) were treated as looking
continuously on the screen, as this was defined as not being misuse by the operator
but as a valid and necessary visual behaviour during fluoroscopic procedures.

The percentage of avoidable radiation per procedure was determined
by computing the total time the operator looked at the fluoroscopy screen
(with the mentioned considerations) and dividing that by the total time
where the X-ray was switched on, then subtracting this value from 100%.
A 1-tailed single-sample t-Test was conducted to determine if the
amount of avoidable radiation is statistically significant. In addition, a 2sample t-Test was conducted to determine if a statistically significant
difference exists in avoidable radiation between the expert operators
compared with the novices.

Radiation metrics
For each procedure, the cumulative radiation time, the DAP, and the
cumulative AK were directly obtained from the X-ray system. The DAP
and the cumulative AK are both useful in indicating potential biological
effects of radiation exposure. The DAP is a predictor for the likelihood of
stochastic effects such as radiation-induced cancer. The cumulative AK
on the other hand is a better predictor for deterministic effects, for
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example, skin injuries such as radiation dermatitis. In combination with
the percentage of avoidable radiation, an estimation of the potential
reduction per procedure in these radiation quantities was computed.

6.3 Results
No complications were observed in any of the fluoroscopically guided
procedures and no study-related adverse effects occurred. Two data sets
had to be excluded from the analysis owing to a malfunctioning of the eye
tracking glasses and 1 more was excluded because of indistinctness of
who was controlling the X-ray system.
Table 7 is divided into 2 sections: the upper section lists metrics that
pertain to the parts of the procedures that were recorded with the eye
tracking glasses. The second section lists metrics related to the entire
procedure. The main results show that a statistically significant
percentage of radiation (mean [SD], 43.5% [12.6%]) is avoidable (t29 =
18.86, P < 0.00001), meaning that on average, 43.5% of the time when
the X-ray was switched on, the operators were not looking at the
fluoroscopy screen. Furthermore, there was no significant difference
observable between the percentage of avoidable radiation by experts
compared with novices (t28 = 1.68, P = 0.103), despite expert operators
(mean [SD], 45.8% [12.8%]) administering more avoidable radiation than
novice operators (mean [SD], 37.3% [10.3%]). Detailed metrics for each
intervention
are
provided
as
supplementary
material,
(http://links.lww.com/RLI/A519).
Table 7 Averaged results of the 30 analyzed interventional procedures (n = 30). Upper
section displays averaged results of the parts of the procedures that were recorded by
the eye tracking glasses. The bottom section lists averaged metrics of the entire
procedures as well as estimates of certain parameters based on the mean and standard
deviation of the “avoidable radiation” metric.
Averaged metrics during eye tracking (ET)
recording
Duration of procedure recorded with ET glasses,
[mm:ss]
Duration X-ray was On, [mm:ss]

Mean
(n=30)

Standard
deviation (SD)

44:18

21:12

14:09

07:21

Duration X-ray was looked at, [mm:ss]

07:41

03:57

Avoidable radiation, [%]

43.5

12.6
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Averaged metrics for total procedural duration
Duration, [hh:mm:ss]

01:07:12

-

Cumulative radiation time, [mm:ss]

25:44

-

Dose Area Product (DAP), [mGycm2]

75360

-

Cumulative air kerma (AK), [mGy]
527
Below estimates are based on the mean +- SD of the metric of avoidable
radiation
Estimated avoidable DAP, [mGycm2]
32781
9420
Estimated avoidable AK, [mGy]
Estimated avoidable radiation time, [mm:ss]

229

66

11:12

03:13

SD: Standard deviation, ET: Eye tracking, DAP: Dose area product, AK: Air kerma

The computed percentage of avoidable radiation was used to estimate
the potential radiation reduction possibilities for the entire procedure. In
this study, this corresponded to amounts of AK (mean [SD], 229 [66]
mGy) and DAP (mean [SD], 32,781 [9420] mGycm2) that were avoidable
and thus could be dispensed. This dose is equivalent to the X-ray being
switched on excessively for an average of 11 minutes, and 12 seconds per
procedure.

6.4 Discussion
The results of this study agree well with previous publications
concerning overutilization in other types of medical imaging, such as CT
scans, where study results indicated that up to one-third of all CT scans
performed were unnecessary and without good medical justification
[120,121]. Other studies that specifically use machine learning to reduce
radiation often focus on reconstructing X-ray images and thus enable the
operators to work with a lower radiation dose. Higaki et al. [105] reported
radiation reductions of at least 30%, and Liu et al. [106] stated that they
achieved radiation reductions of up to 79%. However, so far it was not
determined if the radiation should have been used in the first place.
Our results indicate that a significant amount of medical imaging in
fluoroscopically guided interventions is in fact avoidable. Specifically, in
this study, an average of 43.5% of the fluoroscopy radiation time was
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determined to be avoidable. This significant percentage of avoidable
radiation may be caused by but is not limited to, the following effects.
First, many physicians still underestimate procedural radiation dose
values associated with common medical imaging procedures and thus
may also underestimate the importance of reducing avoidable radiation
[122–125]. Second, as more and more minimally invasive interventions
are performed using medical imaging guidance, the procedures become
more complex and demanding for the operators. During these complex
procedural steps with high cognitive load, the minimization of radiation
might become less of a priority. Lastly, during procedural steps where
information from multiple sources has to be considered, it may be more
convenient to keep the X-ray switched on than to step on and off the
fluoroscopy pedal every couple of seconds.
The results further show that by tackling the issue of avoidable
radiation, a considerable reduction in terms of AK (229 mGy) and DAP
(32,781 mGycm2) is possible. As AK and DAP are predictors for
deterministic and stochastic effects, a reduction in these quantities likely
lessens the deterministic and stochastic risks associated with
interventional fluoroscopy, such as radiation-induced cancer and other
skin injuries. This study's findings quantify for the first time the
concerning issue of overutilization of radiographic medical imaging in
fluoroscopically guided interventions. These insights will help to address
this problem by paving the way for solutions that aim to reduce
fluoroscopic imaging and radiation exposure, as well as improve medical
imaging services.
Improved X-ray systems could incorporate ET technologies to
automatically detect overutilization and control X-rays based on the gaze
of the operator. Novel systems currently under development show that
this might be feasible and that it could potentially result in significant
radiation dose reductions [126]. Moreover, the insights from this study
may serve to improve current operators training and educational
programs. Including performance assessment metrics such as “excessive
radiation” into simulation-based training platforms could further draw
attention to this issue, help raise awareness of the importance of radiation
safety, and lead to a more conscious use of interventional fluoroscopy.
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6.4.1 Limitations
As described in Section 6.2.2, the trained cGOM algorithm performs
well, but is not perfect, with a TPR of 93.89%. This leads to a possible
overestimation error of the percentage of avoidable radiation of 6.11%,
meaning that the percentage of avoidable radiation could be 37.4%, rather
than the aforementioned 43.5%. Furthermore, the findings of this study
are based on a small number of fluoroscopically guided cardiovascular
interventions and a small number of operators who performed them. To
generalize the findings to all fluoroscopic procedures, more data are
needed from different hospitals, operators, and fluoroscopic procedures.
Therefore, the results presented in this study should be regarded as
preliminary. Finally, some of the metrics analyzed in this study were
derived from indirect measurements (X-ray on and off state and cGOM
output metrics). Building a dedicated system to specifically track the
metrics presented in this study, potentially in real-time, would likely
increase their accuracy and could possibly enable real-time feedback for
the operators, improve administered radiation dose awareness, and be
helpful for radiation management.

6.5 Conclusion
In this study, we quantified for the first time the amount of avoidable
radiation administered during fluoroscopically guided cardiovascular
interventions. Mobile ET and cGOM, a machine learning-based
algorithm, was used to compute the amount of avoidable radiation. On
average, 43.5% of the time when the X-ray was switched on, the operators
were not looking at the fluoroscopy screen. This corresponded to
avoidable amounts of AK (mean, 229mGy) and DAP (mean, 32,781
mGycm2), or more than 11 minutes of avoidable X-ray usage, per
procedure. These findings indicate that a significant amount of the
radiation dose to the patient and staff is in fact avoidable. Targeted
training, technical safeguards, and new operator monitoring technologies
could represent away to address this issue and help to substantially reduce
radiation exposure to patients and staff during fluoroscopically guided
interventions.
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7 A novel simulator for
transcatheter mitral valve
repair equipped with eye
tracking based performance
assessment capabilities
At the time of writing this thesis, the content of this chapter is under
revision at the Cardiovascular Engineering and Technology Journal [63].

7.1 Introduction
Cardiovascular disease is the leading cause of death globally
accounting for 17.9 million or 31% of all deaths in 2016 [3]. Apart from
medications, physical exercise and healthier diets, many CVDs are treated
surgically and thus require well-trained physicians capable of safely
performing these complex interventions. Here, the potential for a
healthcare crisis due to CVDs is looming as it is predicted that by 2035
the yearly cases requiring cardiovascular therapies will increase by 61%
while the number of cardiovascular surgeons is expected to decrease [5].
At the same time, technological innovations in minimally invasive
surgery are expanding indications for structural heart disease
interventions, thus posing new challenges for physicians who have to
master a multitude of new procedure-specific tools and complex
interventional routines [64,65]. In addition, during MIS the physicians are
dependent upon medical imaging such as fluoroscopy or
echocardiography for guidance, which requires them to be able to rapidly
and efficiently process these images and master hand-eye coordination.
Because of the increased imbalance between the number of
cardiovascular physicians and yearly cardiovascular surgery cases, the
increasing complexity of interventional routines and other factors such as
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the working-hour restrictions, the traditional apprenticeship-style
learning method is slowly being replaced by more competency-based
methods such as simulation-based training [65,127]. A simulation-based
method of learning provides a safe, risk-free and reproducible
environment for aspiring physicians to improve their skills and gain
valuable experience. In combination with performance assessment
capabilities, such training simulators further enable an objective
assessment of the physician’s performance and can provide valuable
feedback.
Especially for complex interventions such as the MitraClip™
procedure (MCP), it has been shown that procedural success, procedure
time and procedure complications strongly correlate with experience
[128], emphasizing the need and potential of simulation-based training in
these settings. However, for such complex procedures, proper simulators
are missing.
Thus, we built an augmented physical simulator for the training of the
entire MCP. This platform is a further development of the TSP simulator
[57]. It shall enable physicians to acquire the experience and skills
necessary to perform their first real MCP with procedural success rates,
which are similar to rates from more experienced physicians. In this
study, we describe the development and assessment of this novel
simulator and its new objective performance assessment capabilities.
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Figure 36 Mitral valve repair simulator. (a) The housing containing the anatomical
phantoms, cameras, line lasers and UV lights for the medical imaging simulation
(details see Figure 37). (b) Hip module containing a femoral access catheterization
pad. (c) The screen displaying the simulated fluoroscopic images. The detailed view
shows an eye tracker attached at the bottom of the screen. (d) The screen displaying
the graphical user interface and the simulated transesophageal echocardiographic
images during training. (e) Controls to switch, zoom and orient fluoroscopy view. (f)
The left foot pedal activates fluoroscopy and the right foot pedal activates a direct
camera image of the anatomy.

The mitral valve repair (MVR) simulator is shown in Figure 36 with
its main elements highlighted. Details of the inside of the simulator
(Figure 36a) are presented in Figure 37. The hip module (Figure 36b)
consists of a femoral access catheterization pad, which in turn is
connected to the anatomical phantoms integrated into this simulator.
Simulated fluoroscopy is displayed on the left screen (Figure 36c) and on
the right screen, either the graphical user interface or the simulated
transesophageal echocardiographic images are shown to the user (Figure
36d). The controls on the bottom right enable the operator to switch, zoom
and orient the fluoroscopy views during the intervention (Figure 36e).
The fluoroscopy is activated by pressing the foot pedal (Figure 36f).
In Figure 37, a top view of the insides of the simulator housing is
presented. Three silicone phantoms reproduce the anatomical structures
including the inferior vena cava, superior vena cava, right atrium,
interatrial septum and mitral valve. In total, 8 cameras are used to simulate
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fluoroscopic and echocardiographic images from various viewpoints
during the intervention. Additionally, ultraviolet lights and line lasers are
used to highlight specific features for the imaging simulation as described
in Section 7.2.2. Furthermore, during simulator use, the acrylic tank is
filled until the phantoms are submerged in water to enhance image quality
and reduce the friction between the tools and the silicone phantoms.

Figure 37 Top view of the inside of the Mitral valve repair simulator. The simulator
contains anatomical silicone phantoms of the inferior vena cava, right atrium with an
exchangeable interatrial septum, superior vena cava and the mitral valve. A line laser,
ultraviolet (UV ) lights and 8 cameras are used to generate the necessary medical
images (fluoroscopy and ultrasound) in various views for the entire intervention.

7.2.1 Multi-material anatomical phantoms
The anatomical structures of the MVR simulator include a silicone
phantom representing the venous system from the femoral vein up until
the superior vena cava (Figure 38a), an exchangeable interatrial septum
(Figure 38b) and an actuated mitral valve (Figure 38c). The exchangeable
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interatrial septum is used only once and replaced after each training
procedure (illustrated in Figure 38a,b), as it is punctured for a successful
MCP. All the phantoms are made of silicone rubber and except for the
mitral valve, include cast-in structures made of PLA. The cast-in rigid
structures provide structural stability to the right atrium and allow easy
assembly and replacement of the interatrial septum. The mitral valve is
also easily replaceable and is connected via its chordae to an actuation
system to simulate the movement of the valve during a cardiac cycle.

Figure 38 Overview of the multi-material phantoms used in the mitral valve repair
simulator. (a) Silicone phantom of the inferior vena cava, right atrium, exchangeable
interatrial septum, superior vena cava (SVC) and integrated rigid mountings and
frames, (b) The interatrial septum can be exchanged in a two-step process. First, the
mounting (2) is removed and second, the interatrial septum can be exchanged (1). (c)
The mitral valve consists of a silicone annulus and leaflets which are actuated through
the chordae. The chordae are realized using strings that are on one end attached to the
leaflets and on the other to a stepper motor for an artificial actuation.

7.2.2 Imaging acquisition and processing
In the MVR simulator, the two main imaging modalities used during
transcatheter interventions, fluoroscopy and TEE, were implemented.
The fluoroscopy simulation of the MVR simulator is based on the same
principle as described for the TSP simulator by Zimmermann et al. [57]
and is therefore not described in more detail herein. The TEE simulation,
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however, is based on a novel technique and outlined in detail in the
following section.

Transesophageal echocardiography simulation
During the MitraClip procedure, TEE is employed to help the operator
guide various tools inside the patient’s body. During the TSP, TEE is
crucial in determining the correct location for the puncture of the
interatrial septum, while during the MitraClip placement it is needed to
orient and guide the delivery device through the mitral valve and deploy
the MitraClip safely. In the MVR simulator, 3 cameras in combination
with ultraviolet light and line lasers generate simulated TEE images of
the left ventricular outflow tract (LVOT), 0˚ and 3D view.
The underlying workflow for computing the TEE simulation is
exemplarily illustrated in Figure 39. The concept (Figure 39a) is to
highlight specific cross-sections of the mitral valve with a line laser
(Figure 39b). In addition, the MitraClip device is coated with a
fluorescent dye, which in turn is illuminated using ultraviolet lights. The
highlighted cross-section and the fluorescent MitraClip device are then
isolated using image processing steps to create the output shown in Figure
39c. Finally, this output is overlaid onto a default TEE imaging template,
in this case exemplarily shown for the LVOT view. All these processing
steps are computed in real-time and the resulting image is displayed to the
user on the TEE screen of the MVR simulator.

Figure 39 Simulated transesophageal echocardiography (TEE) workflow. (a)
Illustration of the overall concept. (b) Line laser creates “ultrasound like” cut through
the mitral valve. Ultraviolet (UV) lights highlight the MitraClip delivery system
which is coated with a fluorescent dye. (c) Recorded images of the mitral valve leaflets
and the MitraClip after image colour threshold processing. (d) Overlay of simulated
tools and anatomical parts shown in (c) onto a real TEE template to create the final
simulated TEE image.
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7.2.3 Objective performance assessment capabilities
The aforementioned shift from an apprenticeship-based method of
learning towards a competency-based one also means that the
performance assessment is shifting from a more subjective assessment
towards a more objective one. In combination with an objective structured
assessment of technical skill (OSATS) or derived versions thereof,
simulation-based training is making the assessment process more
objective, effective and efficient [49,129].
In this respect, the mitral valve repair simulator measures several
metrics which can be used for an objective performance assessment.
These metrics include; the total procedural time, the procedural time until
the TSP, the puncture location on the interatrial septum (Figure 40a) and
the positioning of the MitraClip in the mitral valve (Figure 40b). In
addition, the simulator is equipped with a Tobii Pro Nano remote eye
tracker (Tobii Technology, Danderyd Municipality, Sweden), which
enables the measurement of key metrics such as the fluoroscopy time and
the percentage of correctly used fluoroscopy (Figure 40c). Correctly used
fluoroscopy is defined as activating fluoroscopy and simultaneously
looking at the fluoroscopy screen, meaning the physician is processing
the fluoroscopy information and images (Figure 40d).

Figure 40 Overview of feedback capabilities of the mitral valve repair simulator. (a)
Feedback image of the transseptal puncture location. The rough dimension of the left
atrium, interatrial septum and mitral valve are sketched and overlaid in black.
Additionally, a position grid is overlaid. (b) Feedback image of the MitraClip
placement in the mitral valve. (c) Illustration of the remote eye tracker implemented
on the simulator and used to compute the percentage of “correctly” used fluoroscopy.
(d) Correctly used fluoroscopy means that the X-ray pedal is pressed (“X-ray on”) and
at the same time the users gaze point is on the X-ray screen (“gaze point on”). If the
X-ray pedal is pressed (“X-ray on”) and the gaze point is not on the X-ray screen
(“gaze point off”), it is classified as unnecessary X-ray usage
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7.2.4 Pilot study design
The pilot study was conducted within the framework of the Certificate
of Advanced Studies–Mitral and Tricuspid Valve Structural Interventions
[69] course at the University Hospital Zurich. The study took place in the
last week of February 2020. In total 9 participants were enrolled in the
pilot study and tested the MVR simulator (participant details are provided
in supplementary material in Appendix A in Table A5).
Each participant was briefed on how to use the simulator and had to
sign an informed consent form before taking part in the study. All the tests
were performed with the same medical tools used in a real MCP. This
included; a 150 cm of 0.9mm (0.035″) GuideRightTM J-tip guidewires
(Abbott Laboratories, Chicago, IL), a Swartz TM braided transseptal
guiding introducer (Abbott Laboratories, Chicago, IL), a BRK-1TM
transseptal needle, a 260 cm of 0.9mm (0.035”) super-stiff exchange
length guidewire, and a MitraClip system (Abbott Vascular, Santa Rosa,
CA) consisting of a steerable guide catheter and a clip delivery system.
The MVR simulator was equipped with the same silicone phantoms and
catheterization pad for all procedures; however, the interatrial septum was
exchanged for a new one after each MCP. The MCP was finished when
the clip was implanted on the mitral valve and the clip position was
deemed satisfactory by the participant. The procedure did not include the
clip deployment, as this step is irreversible and would have required a
new clip delivery system for each procedure. […].
After the experiment, each participant filled out an anonymized,
structured questionnaire consisting of 27 items on a 7-point Likert scale
and 5 open questions. The 27 items were assigned to either the face or
content validity category for the subsequent analysis (the full
questionnaire is provided as supplementary material in Appendix B). All
items were weighted equally, and a value of 4.0 was defined as a
minimum so that a category can be regarded as sufficient for the
simulator. The questionnaire was adapted to cover MCP and is based on
typical structures for face, content and criterion validation study in the
field of medical simulators [67,68,130,131].
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Scores given to the MVR simulator are summarized in Table 8, listed
for the different categories. Detailed scores for each question of the
structured questionnaire are provided as supplementary material in
Appendix A in Table A6. Overall, the MVR simulator received high
scores of between 5.25 and 5.5 (out of 7) in both validation categories.
Table 8 Validation category-specific results from the structured questionnaire. Scores
were given on a 7-point Likert scale.

Validity

Mean

Standard
deviation

Minimum

Maximum

Face

5.28

0.76

3.63

6.55

Content

5.48

0.74

4.25

6.63

One consistently lower-rated aspect of the MVR simulator is the
imaging simulation. Specifically, the fluoroscopy simulation was
oftentimes scored as unsatisfactory. In Figure 41, simulated
echocardiography and fluoroscopy images are shown next to real images
from various procedural steps. The simulated images look very similar
compared to the real ones. However, for the echocardiography images,
there is sometimes a mismatch in terms of texture and colouring (Figure
41a,b: thinner puncture lines, Figure 41c,d: difference in clip texture,
Figure 41e,f: difference in colouring). The fluoroscopy images are very
similar to the real ones during guidewire insertion and TSP sheath
advancement (Figure 41g,h and k,l). However, the current system is not
able to accurately simulate the fluoroscopy images once the MitraClip is
advanced into the left atrium and ventricle (Figure 41m,n: the clip is not
visible). […].
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Figure 41 Comparison between the MVR simulator simulated and real
echocardiography (echo) and fluoroscopy (fluoro) images. (a-b) Simulated and real
echo image of the transseptal puncture. (c-d) Simulated and real echo image of the
MitraClip right above the mitral valve. (e-f) Simulated and real 3D echo view looking
down onto the mitral valve. (g-h) Simulated and real fluoro image of a guidewire
inside the right atrium. (k-l) Simulated and real fluoro image of the TSP sheath right
before puncture. (m-n) Simulated and real image of the MitraClip inside the left atrium
and ventricle. The simulation fails to emulate the clip inside the left atrium.

As described in Section 7.2.3 the MVR simulator measured
fluoroscopy usage data using a remote eye tracker. The derived results
from this objective performance assessment tool are listed in Table 9.
Table 9 Fluoroscopy usage times of participants. X-ray “On” time is the total time the
fluoroscopy simulation was on (meaning the foot pedal was pressed). X-ray “used”
time indicates the actual time where fluoroscopy was on and the operator looked at
the fluoroscopy screen. Correct X-ray actuation is the percentage of “correctly” used
fluoroscopy.

Metric

Results (mean ± std)

X-ray “On” Time (s)

560 ± 187

X-ray “used” time (s)

300 ± 66

Correct X-ray actuation (%)

58 ± 10
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In summary, the use of fluoroscopy is far from ideal as the average of
correctly activated X-rays is slightly above half with 58%.
In addition to the 7-point Likert scale statements of the questionnaire,
the participants also answered several open questions. The results from
these are summarized qualitatively. The main points of concerns or
wishes for improvements were related to the imaging simulation, the
MitraClip system and the simulation immersion. Specifically, the used
MitraClip system was deteriorating due to the extensive use, this resulted
in the occasional jamming of the clip. In terms of simulation immersion,
several participants indicated that the training scenario could benefit from
including case-specific information and storyline.

7.4 Discussion
The presented platform is the first augmented physical simulator for
complex mitral valve repair interventions, such as the MitraClip
procedure. The functionality and capabilities of this novel simulator were
demonstrated in a pilot study. The study participants rated various aspects
related to face and content validity and its scores, 5.28 ± 0.76 (out of 7)
and 5.48 ± 0.74 respectively, compare well with validation scores of other
medical training simulators [57,70,72,73]. However, as these results are
based solely on the pilot study this first must be demonstrated in a larger
study to more strongly support this comparison. Furthermore, it became
apparent that the capabilities of the current method of simulating the
fluoroscopy images need improvements. The results indicate that for
more complex intervention routines, this method is not capable of
creating realistic enough images and thus, one might need to consider
other ways of simulating fluoroscopy in these settings. For less complex
interventional routines, such as the TSP, this method works well.
Moreover, the novel method for simulating the echocardiography can
create realistic images even for complex interventional routines.
In terms of objective performance assessment, the novel eye tracking
based assessment metric worked reliably and delivered valuable,
additional feedback to the users. Results from the pilot study show that
only 58% of the time the fluoroscopy system was used correctly. This
means that around 40% of the time when the X-ray was active, the
91

7 A novel simulator for transcatheter mitral valve repair equipped with eye
tracking based performance assessment capabilities

participants did not look at the fluoroscopy screen and therefore weren’t
able to process the information. These findings compare well with what
other studies observed in real settings, in that up to one-third of all CT
scans are unnecessary and are performed without good medical
justification [120,121] and that 43.5% of the X-ray usage time in
fluoroscopy-guided cardiovascular interventions is, in fact, avoidable
[62]. This indicates that the eye tracking system works and is potentially
able to sensitize and train physicians to mitigate unnecessary radiation
usage during fluoroscopy-guided procedures.
With this presented pilot study we demonstrate the operability and
functional capabilities of a novel MVR simulator. The pilot study results
indicate good face and content validity. However, in the next step the face,
content and construct validity need to be assessed in a more
comprehensive study that involves a control group to determine the
outcomes of simulation-based training on the novel simulator compared
to conventional training approaches. With the aim to prove that training
with the MVR simulator correlates to improved physician performance
and procedural outcome.
Limitations. Limitations of the MVR simulator itself include inherent
limitations regarding the fluoroscopy imaging simulation, and no true
physiological metrics, such as pressure readings or heart rate, are
measured yet and displayed to the physician during the intervention.

7.5 Conclusion
We presented a novel augmented physical simulator, based on
anatomical phantoms and simulated imaging modalities, for complex
MVR interventions such as the MCP. The simulator is equipped with new
eye tracking based objective performance assessment tools. In a pilot
study, a total of 9 participants trained on the MVR simulator and
subsequently assessed its capabilities. Overall, the participants reported
good scores in the face and content validation categories. With the eye
tracking based assessment tool, similar results were observed as in the
real operating room, indicating that it could be an important tool in
training prospective physicians to mitigate unnecessary radiation during
fluoroscopy-guided interventions. Collectively, these results indicate that
the MVR simulator may be a suitable tool for simulation-based training
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of complex catheter-based cardiovascular interventions, however, further
validation studies are needed to substantiate this.
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8.1 Conclusion
In this thesis, novel augmented physical simulators were developed
for the training, testing and education of three CBCVIs. The simulators
are physical platforms, which are augmented with virtual elements, such
as simulated imaging modalities and automated performance assessment
capabilities. Some of these implemented performance assessment
capabilities were the results of investigations into the visual behaviour of
physicians during real CBCVIs and are based on eye tracking
technologies. Furthermore, as part of the visual behaviour analysis, a clear
focus was put on the operators’ fluoroscopy usage. In Figure 42, the
simulator development and visual behaviour investigations are illustrated
with the topics being combined in the later stages of this thesis, resulting
in the implementation of the performance assessment capabilities on the
MVR simulator.

Figure 42 Two main tracks of this thesis with the combination of them in the latter
stage of it. The upper part depicts the simulators that were developed. Lower part
depicts the eye tracking study, its analysis and the fluoroscopy usage investigation.
On right is the MVR simulator, in which insights from the two previously built
simulators as well as the insights from visual behaviour analysis and investigations
were combined in one platform.
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For the augmented physical TSP simulator face and content, validity
was demonstrated. Fourteen interventional cardiologists and cardiac
surgeons participated in the validation study in which they reported a
good overall impression, realistic haptic perception, and fluoroscopic
imaging simulation of the TSP simulator. Furthermore, usability was
reported to be very good, indicating that the TSP simulator could be a
promising tool for simulation-based training of cardiovascular
interventions using real interventional toolkits in a mimicked radiological
environment.
For the TAVI simulator, the focus of development was placed on its
modularity. The versatility of the simulator was demonstrated on one
hand by employing it for the Portico transcatheter aortic valve
commissure alignment study, where it was used to test and validate a new
operating procedure. On the other hand, the TAVI simulator was utilized
for training the TAVI procedure during CAS courses, held at the USZ.
The high modularity of the platform enabled the easy and quick adaption
of the simulator to various application scenarios. Next, further studies are
needed to validate the TAVI simulator for use as a training simulator and,
ideally, demonstrate a positive correlation between simulation-based
training and operator performance in the real operating room.
In the scope of the eye tracking study, a total of 33 CBCVIs were
performed at the University Hospital Zurich. The interventions were
conducted by five operators, two experts and three novices. In a first step,
the visual attention distribution and the average transition count between
three AOIs, the “Echo screen”, “Fluoro screen” and “Patient” was
analysed for the transseptal puncture procedure. In doing so, clear and
characteristic visual behaviour patterns exhibited by operators when
performing certain IRs were revealed. Furthermore, a significant
difference in visual attention distribution of experts compared to novices
was demonstrated. Additionally, the data indicated that experts focused
their gaze on smaller areas than novices during critical interventional
actions. These results reinforced the hypothesis that the visual behaviour
of operators could be exploited to develop tools capable of objective
performance assessment.
In further analyses of the eye tracking data, the usage of the
fluoroscopy system was investigated. Image processing techniques and
cGOM, a machine learning algorithm, were utilized to automatically
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analyze the ET data and quantify, for the first time, the percentage of
avoidable radiation administered during fluoroscopically guided
cardiovascular interventions. In fact a significant percentage of the
administered radiation (mean[SD], 43.5% [12.6%]) was avoidable (t29 =
18.86, P < 0.00001). On average, this corresponded to avoidable amounts
of air kerma (mean [SD], 229 [66] mGy) and dose area product (mean
[SD], 32,781 [9420] mGycm2), or more than 11 minutes of avoidable Xray usage, per procedure. These findings indicate that proper fluoroscopy
usage in CBCVIs is a challenge, and needs to be further analysed and
addressed. To sensitize operators on proper fluoroscopy usage, the MVR
simulator was equipped with a remote eye tracker. This enables the MVR
simulator to objectively measure the fluoroscopy usage and feed this
information back to the trainees. With this approach, the physicians are
trained to minimize fluoroscopy usage and thus, could help to
substantially reduce the radiation exposure to patients and staff during
fluoroscopically guided interventions.
Lastly, insights from the TSP and TAVI simulators, and the eye
tracking study were combined in the development of the MVR simulator,
which can be used to train complex MVR interventions such as the MCP.
The nine participants of a conducted pilot study reported good scores in
face and content validation categories. Furthermore, similar results were
observed when analysing the usage of fluoroscopy on the simulator
compared to the operating room, indicating that it could be an important
tool in training prospective physicians to mitigate unnecessary radiation
dosages during fluoroscopy-guided interventions.
In conclusion, in this thesis, three augmented physical simulators were
developed for different CBCVIs. These simulators can be used for the
training of prospective physicians, for more objectively assessing
operator performance, and for testing and validating new procedural
guidance protocols for existing or new medical devices and tools.
Additionally, interesting insights into the visual behaviour of operators
during real CBCVIs were gained, which hold a large potential for
developing more objective performance assessment tools, for better
understanding of the operators' decision-making during interventions and
potentially for aiding in knowledge transfer from expert to novice
operators.
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8.2 Outlook
Nowadays, physicians are required to continuously educate
themselves. Education and training do not end with receiving a diploma,
quite the contrary, as physicians must learn and adapt their skills to new
procedures, new techniques, and new technologies. This is likely to
accelerate as new technological inventions such as eye tracking, big data,
machine learning, and augmented reality slowly find their way into the
operating theatre. Furthermore, society demands alternatives to animal
testing, which provides a further incentive for the wider use of simulators
in training and education, as well as for the validation of new devices and
procedures.
Augmented physical simulators seem to be a suitable tool to support
this continuous learning and adaption. The physical aspect of the
anatomical phantoms is crucial and highly valued by physicians. It also
enables the testing of new procedures and tools, something which is not
possible with solely virtual simulators. However, in emulating imaging
modalities commonly used in CBCVIs in this thesis proposed methods
reach a limit. Therefore, oftentimes for more complex interventions, the
emulated imaging is not realistic enough, as it fails e.g. to emulate
radiopaque markers of stents or other tools properly. Here it is becoming
increasingly apparent that for less complex procedures physical and
augmented physical simulators are preferable to virtual ones, however,
with the increasing complexity of the intervention the benefits of a virtual
system start to outweigh the benefits of the physical simulators. Further
investigation in the field of physical simulators, should also focus on the
potentials of 3D silicone printing, which enables the direct manufacturing
of patient-specific anatomies. As the technology matures and larger and
more complex anatomical phantoms become feasible for direct printing,
this could be very interesting for procedural planning, education, device
testing and validation.
One challenge that future investigations should focus on, and concerns
all types of simulators, is their validation. As demonstrated in this thesis,
investigating face and content validation is an important first step,
however, it falls short of proving that simulation-based training results in
improved procedural outcomes and thus in better patient safety and care
when compared to traditional educational methods. To demonstrate this,
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large, long-term and multi-centre studies with control groups are needed.
This in turn demands a serious commitment from the participating
research facilities, hospitals and stakeholders.
Another exciting field that should be further investigated is the
analysis of the visual behaviour of physicians as a means to more
objectively assess interventional performance. Technologies such as eye
tracking hold an enormous potential to improve physician performance,
patient and staff safety and much more. At the moment the limiting factor
for more widespread use of such technologies is its field of view coverage,
its robustness and most importantly the labour-intensive data analysis,
still required to make sense of the data and draw meaningful conclusions
from it. In this thesis, however, we demonstrated how eye tracking could
successfully be used, on one hand, to understand the visual behaviour of
physicians during real CBCVIs, and on the other to automatically analyse
the data and investigate the fluoroscopy usage. By implementing a system
that monitors these metrics in real-time and addresses the issue of
avoidable radiation, the radiation dose administered during
fluoroscopically guided interventions could be significantly reduced.
Further potential use cases of eye tracking technologies inside the
operating room should be explored. We are convinced that this will lead
to a generally better quality in surgical interventions and improve the
safety of patients, as well as physicians and staff.
Simulators and objective assessment methods, as presented in this
thesis, demonstrate how new technologies integrated into simulationbased platforms enable prospective physicians to learn and adapt to new
operating procedures and new technological inventions that are finding
their way into the operating room. However, we believe that this is only
the first step and that in future systems, much more data will be used to
improve the simulation-based training experience and assess the
performance of the operators more objectively, during the simulationbased training, but eventually also during real procedures.

99

Appendix A
In the following sections supporting information for the validation
study of the TSP simulator, the eye tracking study and the pilot study of
the MVR simulator are provided

Supporting information – TSP simulator validation
study
Table A1 Specific background of study participants.
Participant
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Specialization
Interventional cardiologist
Interventional cardiologist
Interventional cardiologist
Interventional cardiologist
Interventional cardiologist
Interventional cardiologist
Interventional cardiologist
Interventional cardiologist
Interventional cardiologist
Interventional cardiologist
Interventional cardiologist
Cardiac surgeon
Cardiac surgeon
Cardiac surgeon

Years in practice
7
2
17
7
10
15
14
4
2
20
9
6
10
10

TSP
50
>400
>30
>100
63
20
150
>70
10
30
30
2
6
20

Table A2 Detailed scores on the 5-Point Likert scale of the structured questionnaire
concerning face validation. The structured questionnaire itself is provided in
Appendix B.
Participant
1
2
3
4
5
6
7
8
9
10

Q1
5
4
4
3
5
4
4
4
5
5

Q2
5
5
4
4
5
4
5
5
5
5

Q3
5
5
4
3
5
4
5
2
4
5

Q4
4
3
4
2
4
3
2
1
3
5

Q5
5
3
5
3
4
4
3
4
5
5

Q6
5
5
5
3
4
5
4
3
4
5

Q7
5
4
5
3
4
5
2
3
4
5

Q8
4
4
5
3
5
5
3
4
5
5

Q9
4
3
5
3
4
4
4
4
4
3

Q10
5
5
4
3
4
5
5
4
5
5

101

Q11
5
5
4
3
4
5
4
4
5
4
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11
12
13
14

4
5
2
5

4
5
4
5

4
5
2
5

3
4
1
4

4
5
4
4

3
4
4
5

4
4
4.5
4

4
5
4.5
5

4
5
3
4

5
5
5
4

5
5
5
4

Table A3 Detailed scores on the 5-Point Likert scale of the structured questionnaire
concerning content validation. The structured questionnaire itself is provided in
Appendix B.
Participant
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Q1
5
4
4
2
4
4
4
3
5
4
4
5
4
4

Q2
5
5
4
2
5
3
5
4
4
5
4
5
2
5

Q3
5
4
4
2
4
4
4
3
5
5
5
5
4
5

Q4
5
4
4
2
4
4
4
3
4
4
4
4
3
4

Q5
5
5
4
3
4
5
2
3
5
5
4
5
4
4

Q6
5
5
4
4
5
5
5
3
5
5
5
4
5
5

Q7
5
5
4
3
5
5
4
4
5
5
5
5
5
5

Supporting information – Eye tracking study
Table A4 Demographic information on patient and additional background
information of each procedure.
Case
Number
1
2
3
4
5
6
7
8
9
10
11
12
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Age
(year)

Gender
(m/f)

Operator

Procedure/
diagnosis

51
82
60
73
75
77
89
79
72
82
60
86

m
f
m
m
m
f
m
m
f
f
m
f

2
2
1
1
1
2
1
3
1
4
2
2

MitraClip
MitraClip
MitraClip
CardioBand
MitraClip
MitraClip
CardioBand
MitraClip
MitraClip
MitraClip
MitraClip
MitraClip

Procedural
time
Step 1 (s)
155
33
39
36
194
251
107
233
85
50
193

Procedural
time
Step 2 (s)
95
55
112
76
195
163
447
169
145
167
81
125

Supporting information – MVR simulator pilot study
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

77
85
78
86
83
86
74
84
81
78
76
90
80
89
61
86
80
79
78
84
-

f
m
f
f
f
f
m
f
f
m
f
m
m
m
f
f
f
m
m
f
m

2
1
1
1
1
1
3
2
2
1
1
1
2
2
2
5
5
5
3
5
1

MitraClip
MitraClip
MitraClip
MitraClip
MitraClip
MitraClip
MitraClip
MitraClip
MitraClip
MitraClip
MitraClip
MitraClip
MitraClip
MitraClip
MitraClip
MitraClip
MitraClip
MitraClip
MitraClip
MitraClip
MitraClip

171
384
54
207
137
63
32
52
179
141
61
133
535
72
62
77
58
141
94

107
126
117
42
112
78
137
132
133
64
66
127
107
138
141
314
76
302
152

Supporting information – MVR simulator pilot study
Table A5 Detailed list of the participants of the pilot study. This includes the years of
experience and the number of transseptal and the number of MitraClip interventions
performed.
Participant
P01
P02
P03
P04
P05
P06
P07
P08
P09

Profession

Experience
Number of
Number of
(years)
TSP
MCI
Int. cardiologist
12
80
20
Int. cardiologist
5
70
90
MC representative
N.A.
0
0
Int. cardiologist
5
500
150
Int. cardiologist
10
50
5
MC representative
28
100 (animals)
100 (animals)
MC representative
13
10 (animals)
0
Cardiac surgeon
30
1000
800
Cardiac surgeon
2
10
1
TSP: transseptal puncture, MCI: MitraClip intervention, Int.: Interventional,
MC: MitraClip

Table A6 Detailed scores of all the participants' responses to the 7-Point Likert scale
items of the structured questionnaire of the pilot study. The listed question number

103

Appendix A
corresponds to the numbering in the structured questionnaire (see Appendix B). The
category depicts to which validity category the respective question was assigned to.
Questions 38-41 are related to the criterion validity, however, because of too few data
points, they were excluded in the analysis of this study.
Question
Nr.
11
12
13
14
15
16
17
18
19
20
22
23
24
25
27
28
29
31
32
33
34
35
36
38
39
40
41
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Category
Face
Face
Face
Face
Content
Content
Face
Face
Content
Content
Face
Content
Face
Content
Face
Content
Content
Face
Face
Content
Content
Content
Content
Criterion
Criterion
Criterion
Criterion

P01
5
6
6
5
4
7
6
4
5
6
2
5
7
4
6
7
7
7
7
6
6
7
7
6
6
7
6

P02
7
6
6
7
5
6

P03
6

3
6

6
5
6
6
6
6
4
-

5
4
7
7
7
7
7
7
6
6
7
5
-

6
7
6

P04
5
6
5
5
6
7
3
6
5
4
2
1
4
5
6
7
7
7
6
5
6
7
5
-

P05
4
5
4
4
3
7
4
4
5
5
5
5
3
4
5
5
5
5
3
5
5
7
6
-

P06
4
7
2
7
2
5
4
6
6
2
2
3
5
6
6
5
2
3
6
5
-

P07
5
6
5
5
5
6
6
5
6
6
5
6
6
6
6
6
6
7
6
6
6
6
6
-

P08
6
7
6
7
6
7
6
7
5
5
4
5
5
6
6
6
6
7
7
5
6
7
7
6
7
7
6

P09
5
5
4
5
4
6
5
4
5
4
4
6
4
6
5
5
7
7
5
5
4
6
5
5
5
5
5

Appendix B
In the following sections, the structured questionnaires used during the
validation studies of the TSP and MVR simulators are provided.
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Structured questionnaire for the TSP simulator
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