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Abstract

In traditional surgical education the Halstedian approach is applied for the transfer of surgical skills from the

expert to the novice. The trainee has to acquire technical and non-technical skills within a high-risk environment

and in direct contact with patients. Obviously this approach collides with the Hippocratic oath: ”Primum non

nocere - First, do no harm” and hence is ethically questionable. Further the knowledge gained by the trainee

is limited to the experience of the mentor and the cases the trainee is exposed to during surgery. The training

model ”proficiency-based progression” (PBP) addresses this circumstance and illustrates a paradigm shift in

surgical education from the traditional surgical curriculum towards a ”simulation-based medical education”

(SBME). It focuses on the training of technical skills namely the craftsmanship e.g. usage of instruments,

procedural knowledge e.g. workflow and cognitive skills. These can be achieved by using a variety of simulation

models ranging from bench-top models e.g. suture pads, virtual reality (VR) emulators/simulators, full-scale

VR simulators, and human cadavers to living animals. However apart from the required technical skills it is a

fact that non-technical skills cannot be neglected as non-technical failures are often root causes for harm and

near-misses in the operating room (OR).

Thus the research community is requesting novel approaches for multidisciplinary team training. (i)

Appropriate high fidelity VR simulators for team-based training are non-existant and (ii) there is a lack of

knowledge on correlating technical and non-technical performance indicators hindering efficient and effective

training support for individuals and teams.

The aim of my research work was to investigate the development of a simulated OR theatre which could

be an option for conducting assessment and training of surgical skills within a multidisciplinary controlled en-

vironment. For the first time a VR surgical procedural simulator and an anesthesia computerized mannequin

were fully integrated and functioned as one simulation setup. In a pilot study expert surgeons were immersed

in the medical simulation environment through task and crisis scenarios of a typical vertebroplasty workflow.

The face validity of the simulation environment was confirmed by investigating surgeon behavior and work-

flow response. The result of the conducted user-study corroborated the unique medical simulation concept of

combining VR and human multisensory responses into surgical workflow. A second study with residents was

conducted (i) to provide a qualitative measure of usability, (ii) to assess vertebroplasty technical performance

of the surgeon, and (iii) to explore the relationship between mental workload and surgical performance during

crisis. The results indicated that (a) the surgeons scored the face validity of the modeled simulation environment

very highly, (b) surgeon training enabled completion of tasks more quickly, and (c) the introduction of crisis

scenarios negatively affected the surgeons’ objective performance. Taken together, the results underscored the

need to develop realistic simulation environments that prepare young residents to respond to emergent events

in the OR.

These findings will enable other national/international research and simulation centers to develop more

sophisticated training environments and the hope exists that this work will trigger a new generation of simu-

lators which will eventually improve medical education of multidisciplinary teams and hence increase patient

safety and raise the quality of patient care.
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Zusammenfassung

In der traditionellen medizinischen Ausbildung wird der Ansatz von Halsted verwendet, um chirurgische Fähig-

keiten vom Experten zum Anfänger zu übertragen. Der Auszubildende muss technische und nicht-technische

Fähigkeiten in einem risikoreichen Umfeld und im direkten Kontakt mit Patienten erlernen. Offensichtlich

kollidiert dieser Ansatz mit dem Hippokratischen Eid: ”Primum non nocere - Erstens, nicht schaden” und ist

dementsprechend ethisch fraglich. Des Weiteren ist das vom Auszubildenen erlernte Wissen begrenzt durch die

Erfahrung vom Mentor und die Fälle, die der Auszubildende mit behandelt. Das Trainingsmodell ”proficiency-

based progression” (PBP) befasst sich mit diesem Umstand und stellt einen Paradigmenwechsel dar in der

chirurgischen Ausbildung von dem traditionellen Curriculum zu einer ”simulation-based medical education”

(SBME). Der Fokus liegt auf dem Training von technischen Fähigkeiten nämlich dem Handwerk z.B. Nutzung

der Instrumente, dem prozeduralen Wissen z.B. Arbeitsablauf und kognitive Fähigkeiten. Diese können erlernt

an verschiedenen Simulationsmodellen werden angefangen von Tischmodellen z.B. Nahtkissen, Virtual Reality

(VR) Emulatoren/Simulatoren, full-scale VR Simulatoren, und menschlichen Leichen bis hin zu lebenden Tieren.

Jedoch ist es Fakt, dass neben den benötigten technischen Fähigkeiten, die nicht-technischen Fähigkeiten nicht

vernachlässigt werden dürfen, da diese oft die Hauptursachen für Schäden und Beinahe-Schäden in dem Oper-

ationssaal sind.

Folglich fordert die Forschungsgemeinschaft neue Ansätze für das multidisziplinäre Team Training. (i)

Geeignete High-Fidelity VR Simulatoren für team-basiertes Training sind nicht vorhanden und (ii) es besteht

eine Wissenslücke technische und nicht-technische Leistungsindikatoren miteinander in Beziehung zu setzen.

Dies verhindert eine effektive und effiziente Trainingsunterstützung von Einzelpersonen und Teams.

Das Ziel meiner wissenschaftlichen Arbeit bestand darin die Entwicklung eines simulierten Opera-

tionssaals zu untersuchen, welcher eine Option für die Durchführung von Leistungserfassung und Training

von chirurgischen Fähigkeiten in einer multidisziplären kontrollierten Umgebung darstellt. Zum ersten Mal

wurden ein VR chirurgischer prozeduraler Simulator und eine computerisierte Anästhesiepuppe vollständig

zusammengeführt und als ein Simulationsaufbau eingesetzt. In einer Pilotstudie wurden erfahrene Chirurgen in

die Simulationsumgebung durch Aufgaben und Krisenszenarien in einen typischen Vertebroplastie-Arbeitsablauf

hineinversetzt. Die ”Face Validity” der Simulationsumgebung wurde bestätigt durch die Betrachtung der chirur-

gischen Handlungen und Abarbeitung der Arbeitsschritte. Das Ergebnis der durchgeführten Benutzerstudie

untermauert das einzigartige medizinische Konzept, die Kombination - virtuelle Realität und menschliches mul-

tisensorisches Ansprechen in einem chirurgischen Arbeitsablauf. Eine zweite Studie wurde mit Assistenzärzten

durchgeführt, um (i) eine qualititative Aussage zur Nutzbarkeit, (ii) die technische Leistung eines Chirurgen

während einer Vertebroplastie zu erfassen, und (iii) die Relation zwischen Arbeitsbelastung und chirurgischer

Leistung in einem Krisenszenario zu erforschen. Die Ergebnisse zeigen, dass (a) die Chirurgen die ”Face Validity”

als sehr hoch einstufen, (b) das Training von Chirurgen die Durchführung der Aufgaben beschleunigen konnte,

und (c) die Einführung von Krisenszenarien sich negativ auf die chirurgische objektive Leistung auswirkte. Ins-

gesamt unterstreichen die Ergebnisse den Bedarf an der Entwicklung von realistischen Simulationsumgebungen,

welche junge Assistenzärzte auf auftretende Ereignisse im Operationssaal vorbereiten.

Diese Erkenntnisse ermöglichen anderen nationalen/internationalen Wissenschafts- und Simulationszen-

tren die Entwicklung von komplexen Trainingsumgebungen und die Hoffnung besteht, dass diese Arbeit eine

neue Generation von Simulatoren auslöst, welche letztendlich die medizinische multidisziplinäre Ausbildung

verbessern und dadurch die Patientensicherheit verbessern und die Qualität der Patientenversorgung erhöhen.
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1. Introduction

In the last century the surgical training model focused on the knowledge transfer during surgeries and the

teaching of scientific principles. In the past few years it has started to evolve towards a simulation-based

training model [98] also known as simulation-based medical education (SBME) [89], implying ’devices, trained

persons, lifelike virtual environments and contrived social situations that mimic problems, events, or conditions

that arise in professional encounters’ [8]. Hence surgical trainees can (i) ”practice clinical skills under safe,

controlled, forgiving conditions”. Additionally they benefit from undergoing (ii) ”formative assessment”, and

(iii) ”receiving focused feedback with the aims of acquiring and maintaining clinical competence” [89].

Nowadays the use of simulation in surgical training has gained significant momentum [27]. It was only recently

that the prominent American Academy of Orthopedic Surgeons (AAOS), in conjunction with the American

Board of Orthopedic Surgery (ABOS) and the Arthroscopy Association of North America (AANA), acknowl-

edged the importance of simulation-based education [7].

First, it is a fact that ”practice is the key for the acquisition and retention of medical skills” [117]. Second,

simulation has shown promising results in several other high-risk industries including the military, aviation, and

astronautics and is well established [27].

Additionally the ethical issue is a valid argument against the traditional surgical education. It is based on the

Halstedian approach of ’see one, do one, teach one’ also known as ’apprenticeship model’, ’surgical preceptorship’

[9] [115] and ’learning by doing’ [70]. The technical and procedural knowledge is passed by the expert to the

trainee during surgeries [9]. This leads to the inevitable exposure of patients to inexperienced practitioners

which does not correspond to one of the principal beliefs of the Hippocratic Oath: ”Primum non nocere - first,

do no harm.”

Further work hour restrictions e.g. the European Union Working Time Directive (EWTD) was applied in 2009

which included the reduction of working time of medical doctors to 48 hours per week with a voluntary option

of working 56 hours. The intent was to ensure patient safety and quality of care by providing medical doctors a

better work-life balance. However, it limits the time of exposure to clinical practice of surgical trainees [46][9].

Moreover the cost pressures and patient safety concerns exert pressure on surgical trainees to acquire increasingly

complex surgical skills in shorter time periods, with fewer opportunities to operate [79]. Cost analysis of surgical

resident training has shown that the cost per resident has increased, primarily as a result of increased operative

times [36].

Then the rapid introduction of minimal invasive surgeries (MIS) in the 1990s radically changed the perspective

on surgical training [46]. Enthusiastic adopters of new technology for new ways of patient treatment quickly

spread the news at international congresses and symposiums and the media helped by establishing a catchy

term ”the keyhole surgery” to capture the world’s attention. The advantages of performing MIS are the smaller

incisions, less pain for patients and faster recovery of patients and less costs due to much shorter hospital stay.

However there are limitations the new treatment was and is still facing, since it requires from the surgeon

psychomotoric and perceptual skills e.g. moving long instruments inside the human body with limited tactile

and haptic feedback while looking at a monitor. Probably the biggest difficulty is the counterintuitive movement

of surgical instruments in particular in laparoscopy. Thus the introduction of MIS was associated with a higher

complication rate than compared to open surgery and it became apparent that the Halstedian approach of

training is not a viable training model any more.

And more than a decade ago public scrutiny of the ’To Err is Human’ report has been unprecedented [71].

It is now widely accepted that nearly 10% of all patients admitted to hospital will likely be unintentionally

harmed in some way. There are more deaths annually as a result of health care errors than other forms. Beyond

their cost in human lives, preventable medical errors also take other heavy toll. Errors have been estimated to

result in costs totalling between $17-29 billion per year in hospitals in the US, and from a recent 2013 study,

between 210.000-400.000 deaths annually [63]. In the European Union Member nations, facts consistently show

that medical errors and health-care related crisis events occur in 8-12% of hospitalizations. For example, the

United Kingdom Department of Health estimated about 850.000 crisis events per year, with Spain, France

and Denmark having published incidence studies with similar results [108]. Studies continuously show human

1



factors as the key contribution for adversity in the operating room (OR) theatre [49][80][116][52][54]. These

factors are commonly known as non-technical skills which are recognized as key root causes of surgical errors

worldwide consisting of cognitive e.g. situational awareness and decision-making, personal resource e.g. coping

with stress and fatigue and interpersonal skills e.g. communication and teamwork [62]. A study conducted in

2008 by [21] in an emergency department underscore those assumptions that most of the errors for mortality

cases involved several contributing factors as shown in Table 1.2, with communication and assessment as the

leading causes.

2004 through June 2013 [N=845]

The majority of events have multiple root causes

Communication 634

Assessment 619

Human Factors 545

Leadership 535

Information Management 247

Continuum of Care 212

Care Planning 141

Physical Environment 134

Medication Use 61

Patient Rights 20

Table 1.2: Root causes of medical errors.

Obviously surgical competence which is required to perform a successful operation consists of non-technical

skills e.g. teamwork, communication, leadership and judgement (see Table 1.2), technical skills and procedural

knowledge [126] [4]. Yet surgical excellence is merely associated with technical performance neglecting the im-

portance of non-technical skill. Furthermore performance measurements are traditionally focusing on assessing

technical proficiency either based on rating scales and/or motion analysis [132][25] [86] [34]. This situation can

be compared to the situation which existed over 30 years ago in the aviation industry. It concentrated on the

”training of technical skills” of pilots and the ”technological development” [95]. However since research findings

sponsored by the National Aeronautics and Space Administration revealed that 70% of errors were routed to

human causes e.g. failed communication, interpersonal communication and leadership [3] [95], the focus was

put on the design and development of crew resource management (CRM). CRM provides a curriculum for flight

crews ranging from seminars, lectures to simulation-based training in flight decks [100]. The application of

CRM led to a profound knowledge of the existing ”limitations of human performance” and furthermore fostered

a culture of safety [3]. This program spread due to its success to other high reliability organizations e.g. nuclear

industries, military [38] and even medicine. Within the medical domain anesthetists adapted it and created

anesthesia CRM (ACRM). It is derived from the principle of repeated practice as CRM [61]. The participants

are exposed to crisis scenarios making best use of the available resources. According to this principle today

anaesthetists are trained on computerized mannequins, which are replications of human patients, in common

and rare crisis scenarios [96] having the primary objective of error management [59] which is a crucial aspect

of surgical performance just as in aviation [96].

Thus novel approaches for training of surgical competence have to be formulated. The general consensus from

the literature and simulation program directors [77] is that simulation has become an important and necessary

component of medical student and resident training, to target skills and practices that are difficult to acquire

through traditional training, to reduce risks to patients, and potentially, to deliver more cost-effective training.

Gallagher et al. proposed in 2012 a novel training paradigm called ”proficiency-based progression (PBP)”

training which integrates simulation-based training into the surgical curriculum though mainly considering
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the technical skill acquisition and neglecting the non-technical skill training. Though a recent study in 2015

recommended that: ”it is imperative that surgical residents undergo simulation training directly linked to their

hospital responsibilities so as to provide immediate performance improvement and reduce errors in the clinical

environment” [15]. Medical simulation training with computer-controlled equipment provides an environment

for acquiring knowledge, skills and attitudes without putting patients’ health at risks [75]. It offers a highly

standardized environment for objective technical and non-technical performance assessment [46]. The possibility

to repeatedly practice procedures enables correction of mistakes, mediation of error recovery strategies, skill

amelioration and clinical outcome optimization [51]. Moreover medical experience can be gained by conducting

difficult procedures or even by inducing complications affecting the workflow of the procedure.

Thesis Objectives The aim of the presented fundamental research work is the exploration and implementa-

tion of the requirements and technological necessities of a low-cost, yet highly realistic VR surgical procedural

simulator for inter-disciplinary/multidisciplinary medical team training. It provides the basis for ”understand-

ing of the interactions between specific skills and technical performance” and therefore ”tailor-made training

packages aiming at specific skills for specific grades of surgical expertise can be developed, implemented, and

evaluated” [62]. Furthermore multidisciplinary team training in a simulated environment including crisis sce-

narios has the potential to reduce the occurrence of adverse events in the real OR. It can enable the medical

team to function in a more effective and efficient manner when crises occur in real OR environments. Therefore

the key contributions are:

• Scientific evaluation and validation of the combination of a VR surgical procedural simulator and

computerized mannequin in a novel training setup for medical assessment and training (see Fig. 1).

• Research and development of a surgical simulator reflecting complete workflows of surgical procedures,

including intra-operative crisis scenarios which potentially result in adverse events. The capability to

deliberately expose the trainee to realistic adverse events facilitates the research on robust error metrics

for performance assessment in adverse or critical situations, as well as on strategies for augmentation

and amplification of error perception and mediation of error recovery strategies, e.g. in deliberate

practice or procedure rehearsal scenarios.

• Establishment of structured assessments of surgeons’ and surgical team’s technical and non-technical

skills during simulation-based training that enhance impact on the acquisition, application, and reten-

tion of teamwork skills in healthcare.
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Fig. 1: Sketch of simulated operating room theatre with CT scanner mock-up.

Finally, when designing simulators it is important to adhere to the rule of Dr. David Gaba, pioneer in simulation

and Director of the Center for Immersive and Simulation based Learning (CISL) at Stanford Medical School

who states: ”simulation is a technique, not a technology, to replace or amplify real experiences with guided

experiences, often immersive in nature, that evoke or replicate substantial aspects of the real world in a fully

interactive fashion”[44].
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Thesis structure First an overview of the traditional surgical training is given. Then a novel paradigm for

surgical education is described called ”proficiency-based progression” (PBP) aiming at efficiency and effective-

ness. It comprises seven steps to wisdom including the education bandwidth ranging from learning from text

books to learning on live patients. The state of the art research within the time frame 1996-2012 on team-based

training is summarized with the conclusion that mainly three key problem statements exist: (i) lack of immersive

full-scale simulation environment for multidisciplinary team training due to non-existing integration of surgical

and patient simulator [23], (ii) absence of validated and robust technical and non-technical performance metrics

[65] and (iii) lack of knowledge on correlating technical and non-technical performance indicators hindering

efficient and effective training support for individuals and teams.

Hence this thesis proposes a framework for designing and validating multidisciplinary team-based training tech-

nical setups consisting of a virtual reality simulator and a mannequin, which could be used in future to validate

metrics for the assessment of technical or non-technical performance and furthermore provide an environment

for testing technology e.g. novel imaging devices, robots or instruments.

The main part of this thesis consists of two studies in which the simulated OR is validated and a procedure-

specific performance metric is developed [148] [149] [147] [141]. Additionally a study is described on assessing

the visuospatial reasoning of surgeons using the virtual reality surgical simulator component of the multidisci-

plinary team training environment.

In the summary the broad picture of the paradigm shift in medical education is drawn with the results of the

conducted research work. Then the next steps for the development and the studies are illustrated. Additionally

research questions are posed. Finally an outlook for further research work is depicted on how to fully make use

of the simulation environment with currently existing barriers for simulation-based training of surgeons being

highlighted.
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2. State of the Art: Surgical Education

2.1. Traditional surgical education

Traditional surgical education consists of three steps (see Fig. 2) (i) simple explanation (a)) of how to conduct

tasks e.g. knot tying, (ii) the attendance of a mandatory lecture (b)), (iii) and finally the novice is introduced

into the operating room (OR) (see Fig. 3): Within the OR the surgical trainee is educated on the patient

using the Halstedian approach ”See one, do one, teach one” (c)) also called ’apprenticeship model’. It served

surgery well for more than a century as this training model gradually transfers the responsibility for the patient

treatment in the OR to the trainee under supervision of an expert surgeon.

Time in training
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e
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g

1 2 3

Fig. 2: Traditional medical curriculum (image taken from Gallagher 2012).

Fig. 3: From left to right: Textbooka, lectureb, operating roomc.

ahttp://amberb907.wikispaces.com/file/view/Anatomy-and-Physiology-book.jpg accessed Apr/21/2016.
bhttp://amberb907.wikispaces.com/file/view/Anatomy-and-Physiology-book.jpg accessed Apr/21/2016.
chttp://www.surgeons.org/media/18938218/timor_surgeons_photo_ellen_smith_497x330.jpg accessed Apr/21/2016.
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2.2. Towards proficiency-based progression learning: Seven steps to wisdom

Gallagher et al. [46] proposed in 2012 the ’proficiency-based progression (PBP) training paradigm’ (see Fig. 4

and Table 2.1) which is an augmentation of the traditional surgical curriculum (see Fig. 2), as it integrates

simulation-based training into the traditional training curriculum. It is grounded on a quantitive definition

of proficiency using metric-based performance units. This means that the learning process is supported with

relevant and timely information with the main focus to be efficient and effective. The training is of reinforcing

nature, as the feedback is constructive and formative.

Time in training
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4b
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5b

6
7

PBP	learning	curve	

Tradi0onal	learning	curve	

Fig. 4: Diagrammatic representation of the ”estimated” speed of learning with proficiency-based progression

(PBP) training and traditional training as a function of time in training adapted from Gallagher 2012.

Outline of the seven steps to wisdom

1. Textbook

2. Lecture

3. Online platforms for learning

4. Emulation models

(a) Silicon, animal model tissue (no formative feedback)

(b) Silicon, animal tissue, Minimally Invasive Surgical Trainer - Virtual Reality (MIST VR) (formative

feedback)

5. VR Procedural simulation

(a) Full procedural VR simulation with summative metrics

(b) Full physics VR simulation with proximate formative and summative metrics

6. Real patients with good mentoring and feedback

7. Wisdom acquisition
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Step Simulation technique Costs Realism Reusability Hygiene Ethics Metrics

4 Bench-top models

Animal parts + o - - + -

Synthetic materials o + o + + -

Computer-based

3 Online education/Simulation models

4 VR emulators

e.g. MIST VR o - o + + +

5 VR simulators

Part-task e.g. LapSim + o + + + o

High fidelity e.g. CAE, Simbionix, - + + + + o

VirtaMed simulators

Mannequins - + + + + o

Full physics e.g. VIST - + + + + +

6 Real tissue

Animal models, human cadavers - o - - - -

Real patients + - - - -

Table 2.1: Simulations for the various steps of PBP learning curriculum. Table is adapted from Gallagher 2012.

(+) advantage (o) no advantage or disadvantage (-) disadvantage.

2.2.1. Steps 1-3: Textbook, lectures and online platforms for learning

The PBP learning curriculum includes the first two steps of the traditional learning process, then it progresses

to online education with formative assessed explanation (see Fig. 5).

Fig. 5: Online platforma.

ahttp://e-learning.studmed.unibe.ch/radiosurf/htmls/radskullct.html?radiosurf|radskullct accessed Apr/21/2016.
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2.2.1.1. Extension of online education with simulation models

Since the web provides an effective and efficient distribution channel for educational material at any time, it

can prepare the trainee with knowledge and/or skills in a timely and relevant manner. A few examples for the

integration of online education in a medical curriculum are the Fundamentals of of Laparoscopic Surgery (FLS)

and the ”Surgical Conferencing with enHanced Opportunities for Online Learning (SCHOOL) for Surgeons”.

The FLS consists of two main components, the online e-learning platform and a technical skill component

(see Fig. 6). First trainees acquire knowledge online and then perform laparoscopic tasks on the technical

skill component within a technical skills training program which was validated in major parts by Gerry Fried

(McGill University, University of Montreal). The other well known online education is SCHOOL for Surgeons

which has been developed by the Royal College of Surgeons in Ireland (RCSI). Online tutors work with surgical

trainees e.g. together in short courses, give and correct assignments, discuss literature and is mainly based

on self-directed learning. The online education is coupled with a technical skills training program which takes

place a certain number of days per year [46].

Fig. 6: From left to right: Online e-learning platforma; technical skill training and assessment componentb.

aSource: http://sites.uci.edu/ucisurgicaleducation/fls-test-center/ accessed Feb/25/2016.
bSource: http://laparoscopy.blogs.com/prevention_management_3/Tables_and_Figures/RST%20Figure%203.jpg accessed

Feb/25/2016.

2.2.2. Steps 4-5: Technical and procedural training in simulation labs

The simulation labs exist as a learning environment for trainees to acquire necessary technical, procedural and

cognitive skills. Within these simulation labs various simulations can be used for practice and assessment of

technical procedures. The purpose of low fidelity e.g. bench-top models is to train technical skills of instruments.

Additionally medical imaging simulators e.g. Ultrasound simulators [12] are used to learn how to handle medical

imaging devices. In the following section the range of the available simulations for technical and procedural

training are depicted. Step 4 consists of using bench-top models and step 5 VR simulators for training.

Bench-top models

Animal tissue Animal tissue e.g. pieces of pork, chicken, bowel or liver (see Fig. 7) has already been in use

for a few decades for [46] [27] training surgical skill. They are the most basic simulation materials for training

surgical tasks e.g. suturing, makeing closure of incisions. The access to these types of models is easy as they

can be bought in butcher shops and are rather inexpensive. The drawback is the hygiene and the technical

performance while conducting the procedure step can be hardly assessed. Just the outcome can be assessed by

the trainer objectively by e.g. measuring distances between aligned sutures.
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Fig. 7: From left to right: chicken lega, pigs heart and liverb, pigs trotterc, pigs boweld.

aSource: http://www.glatt-organics.com/wp-content/uploads/2013/08/iStock_000012408317Large.jpg accessed
Apr/21/2016.

bSource: http://3.bp.blogspot.com/-Fkh9cpzAjCg/Ur4gORH1DsI/AAAAAAAAl0Y/0MlG-Nb5wfc/s1600/heart+and+liver.jpg ac-
cessed Apr/21/2016.

cSource: https://colonelmustardinthekitchen.files.wordpress.com/2013/10/20131015_113034.jpg accessed Apr/21/2016.
dSource: https://classconnection.s3.amazonaws.com/978/flashcards/891978/jpg/pig_intestine1334116187297.jpg ac-

cessed Apr/21/2016.

Synthetic models Since the introduction of MIS e.g. Laparoscopy at the beginning of the 1990s the use

of synthetic training models (see Fig. 8) increased, though these have already been used for a considerable

period of time for surgical training [46]. They offer good face validity as they look like real anatomy and there

is no issue on the hygiene aspect. However they have limited life time as they can only be used once and are

sometimes quite expensive.

Fig. 8: From left to right: Open inguinal hernia trainer a, open inguinal hernia close-up b, gallbladder c,

saphenofemoral junction ligation d, ingrowing toenail trainer e.

aSource: https://www.firehousemedical.com/store3/manufacture/limbs-things.html?limit=20&order=name&dir=desc&p=2

accessed Apr/21/2016.
bSource: http://shoponline.cardiac-services.com/product_images/LIM60427_L.jpg accessed Apr/21/2016.
cSource: https://www.limbsandthings.com/global/our-products/details/gall-bladder-with-wide-common-bile-duct-

stones-for-exploration accessed Apr/21/2016.
dSource: https://www.firehousemedical.com/store3/manufacture/limbs-things.html?limit=20&order=name&dir=desc&p=2

accessed Apr/21/2016.
eSource: http://assets.limbsandthings.com/products/80060_2.jpg accessed Apr/21/2016.

In 2009, the Minimal-invasive Interdisziplinäre Therapeutische Intervention (MITI) research group at the TUM

developed the Endoscopic-Laparoscopic Interdisciplinary Training Entity (ELITE) simulator. ELITE is an ex

vivo model designed to train conventional laparoscopic and endoscopic skills and to perform hybrid interventions.

It includes realistic and functional replications of intestinal organs and is adapted to the requirements of

laparoscopy, endoscopy and Natural Orifice Transluminal Endoscopic Surgery (NOTES). The latest initiative

in the field of medical training is the innovative surgical training technologies (ISTT) project which has been

started by the Hochschule für Technik, Wirtschaft und Kultur Leipzig (HTWK Leipzig) in 2010. As in the

ELITE simulator, tactile feedback is simulated using replicated synthetic anatomy models.

VR simulations In contrary to reality, virtual reality (VR) exists. It is the representation of the reality in

a real-time environment to create the impression of reality. The first approaches to create a learning/training

environment for surgical skills using VR were started around 1990 [120] sponsored by the Defense Advanced

Research Projects Agency (DARPA, US) by millions of dollars [46]. Two prototypes of a anastomosis simulator

were developed, however they were hardly validated.
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Part-task VR emulators The purpose of VR emulators is to imitate particular aspects of a task which

have to be trained. A well-known example of a VR emulator is the MIST VR [146]. The development of this

emulator was driven by the question ”what skills are we trying to train and assess?” with the conduction of

a laparoscopic cholecystectomy in mind. To date it remains the best validated VR emulator in surgery (see

Fig. 9-left).

Part-task VR simulators In contrast to emulators, simulators aim at realistical reflection of as many as

possible aspects of the tasks. LapSim of Surgical Science Sweden AB for example is a part-task VR simulator

as the MIST VR described previously however the tasks look tissue-like (see Fig. 9-right).

Fig. 9: From left to right: MIST VRa, LapSimb.

aSource: http://rstb.royalsocietypublishing.org/content/366/1562/276 accessed Apr/21/2016.
bSource: http://blog.sannoudai.or.jp/?eid=88110 accessed Apr/21/2016.

The advantages of such types of simulators like the MIST VR and the LapSim are cost-effectiveness, build-in

metrics on task performance, rarelys require technical support, and can be used almost anywhere.

High fidelity VR simulators High fidelity VR simulators incorporate full procedures aiming at training

procedure steps of full procedures. In particular, the widespread adoption of minimally invasive surgery proce-

dures, which show a notably long and steep learning curve [136][117], led to the development of VR simulators

for arthroscopic surgery [60], endoscopy, vascular interventions, orthopedics, ophthalmology, spinal surgery [18]

and most recently neurosurgery [35]. Moreover, such simulators offer a cost-effective and efficient alternative

to traditional training methods, e.g. cadaver training or animal models. Besides studies demonstrating content

and construct validity, several studies showing the transfer of simulator-acquired procedural skills to the OR

have been conducted [124] [51] [5].

Further companies providing high fidelity VR simulators for surgical training in particular MIS procedures are

CAE Inc. (US), Simbionix Inc. (part of 3D Systems, US) and VirtaMed AG (Swiss) (see Fig. 10). These

companies mainly produce endoscopy, laparoscopy simulators with haptic feedback and various training cases.

CAE and Simbionix also offer cardiac/vascular simulators. The drawbacks of these simulators is according

to [46] that the maintenance is cost-intensive and the most serious one is the teaching of bad habits [46] as

dangerous behavior is not included in a summative assessment feedback.
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Fig. 10: Overview of VR simulators of CAE Inc.a, Simbionix Ltd.b and VirtaMed AG related to operating

sitec.

aSource: http://caehealthcare.com/eng/interventional-simulators accessed Apr/21/2016.
bSource: http://simbionix.com/simulators/ accessed Apr/21/2016.
cSource: http://www.virtamed.com/en/medical-training-simulators accessed Apr/21/2016.

Between 1986 and 2001 the Kinematic Simulation, Monitoring and Off-Line Programming Environment for

Telerobotics (KISMET) has been developed at the Forschungszentrum Karlsruhe GmbH, Institut für Ange-

wandte Informatik by the VR and Real-time Simulation Group. The VR simulator VEST System One (VSOne)

was derived from KISMET in 2001. VSOne was designed with the objective to create a VR endoscopic surgery

learning environment for a single user. It provides haptic feedback and includes realistic 3D anatomical models.

Since 2005, developers, derived from the VOXEL-MAN research group, formed a separate entity within the Uni-

versity Medical Center Hamburg-Eppendorf, called the Medical simulation environment for multidisciplinary

team assessment and training VOXEL-MAN Group. They created a VR simulator, named Tempo for training

surgical access to complex and vulnerable structures of the middle ear in 2007. Furthermore they extended the

VR simulator Tempo to endoscopic surgery in 2011. Both simulators (Tempo and Sinus) offer tactile feedback

based on virtual models. Apart from the surgery simulators a dental simulator has been developed since 2009.

High fidelity/mannequins Standardized patients have been used to teach clinical skills. More specifically

human patient simulators have been developed extensively and proven to be valid for cardiovascular exami-
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nation and resuscitation training [119] [50]. Pioneered by David Gaba, computerized mannequin simulators

(see Fig. 11) have been developed for training and performance assessment of anaesthetists [45] and have been

in use for more than two decades. Today, mannequin simulators can be connected to medical ventilators and

monitoring devices, physiologically respond to drug administration and show pathologic conditions [117] [43].

Several validation studies showing content and construct validity have been conducted [30], [29] and some stud-

ies regarding the transfer of skills to in vivo patient care have been described [20]. Since 2014 the training on

those kind of simulators is mandatory for each anaesthetist in the US every ten years during his professional

life. According to [46] the main drawbacks are that no standardized metrics exist for their usage, subjective

assessment is conducted and moreover their usage is time-consuming.

Fig. 11: Computerized mannequin SimMan R© 3G of Laerdala with control unitb.

aSource: http://www.aimsi.org.au/site/laerdal+als+simulator+advanced+msc29_24.php accessed Apr/21/2016.
bSource: http://www.lmc.edu/faculty/communications/press-kit-may-school.htm accessed Apr/21/2016.

High fidelity/full physics VR simulators Full physics VR simulators are the most realistic simulators of

human patients. In real time they simulate the anatomical and physilogical behavior based on patient specific

imaging data sets while using real medical instruments (see Fig. 12). New cases can be integrated however

technical assistence is required.

Fig. 12: Vascular Intervention Simulation Trainer (VIST) of Mentice AB a.

aSource: http://www.mentice.com/vist-lab-with-vist-g5 accessed Apr/21/2016.

High fidelity/live tissue models Living tissues model e.g. pigs or sheep can be used for surgical training

(see Fig. 13). They feature similiar behavior as a human patient as they breath and therefore move during the

procedure. Additionally the instrument behavior is realistic e.g. a cautery instrument (instrument with electric

charge) interacts with moist live tissue in proximity. However availability, ethical concerns and organisational
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overhead e.g. need of anaesthesist or veterinary and imaging devices e.g. mobile C-arms with technican are

some limitations of the training on live tissue models.

Fig. 13: From left to right: Pig a, pig as operating model b.

aSource: http://kids.nationalgeographic.com/animals/pig/ accessed Apr/21/2016.
bSource: http://www.miuc.dk/index.php?menu_id=13&content_id=59&lang=en accessed Apr/21/2016.

High fidelity/cadaver tissue models Training on cadavers is the most commonly used simulation in the

medical domain (see Fig. 14). Medical instrument manufacturers e.g. Medtronic, Inc. or DepuySynthes Inc.

use cadavers for training their sales staff or medical doctors, in particular when introducing a novel instrument

into the market. In our days this kind of training is ethically questionable and similiar to training on live tissue

requires organizational overhead. Other disadvantages are high costs, difference and variation to living anatomy

and potential health hazard.

Fig. 14: From left to right: Needle inserted into the back of a cadaver; Fluoroscopic image illustrating needle

inside cadaver’s back; Cadaver course of instrument manufacturer a.

aSource: http://www.eaes-eur.org/EAESCorporateWebsite/files/fa/fa20c3fe-0d49-4a5d-8a9a-488de163590f.jpg accessed
Apr/21/2016.

High fidelity/live human (damaged) tissue models According to [46] in a far eastern country with a

high population they use patients’ tissue to conduct a training (see Fig. 15). Before an ischemic limb ampu-

tation is performed physicians learned and practiced their technical skill. However [46] states that this kind of

training would probably not take foot in Western medicine.
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Fig. 15: Live human (damaged) tissue model a.

aSource: http://www.affcpodiatry.com/Photo%20Gallery.html accessed Apr/21/2016.

2.2.3. Steps 6-7: Real patients and widsom acquisition

Finally the trainee conducts procedures on patients under the supervision of a surgical mentor. Over time they

gain more and more experience due to the exposure to various cases and crisis leading to surgical experience

and proficiency.

2.3. The missing step 5c - Learning surgical skills in team-based training

Surgical skills are of a two-fold nature. First technical skill and procedural knowledge have to be acquired

by the surgical trainee. The craftsmanship e.g. usage of instruments, procedural knowledge e.g. workflow

and cognitive skills e.g. interpreting medical imaging are the learning goals. These are integrated in the PBP

curriculum and can be achieved by using a variety of simulation models ranging from bench-top models e.g.

suture pads, VR emulators/simulators, full-scale VR simulators, human cadavers to living animals e.g. pigs.

Second non-technical skill e.g. communication and decision making are learning objectives as they are essential

for effective and efficient team work in the OR. A few decades ago the aviation industry started to intensively

explore crew behavior in simulated crisis scenarios and created a basis for crew resource management (CRM)

[43]. This approach was adopted later on by anaesthetist as anesthesia crisis resource management (ACRM)

which used computerized mannequins to set up immersive scenarios for intradisciplinary team training [61] [45].

Those two facets of surgical skills form surgical excellence and are required to perform a successful operation

[126]. Yet surgical excellence is merely associated with technical performance neglecting the importance of

non-technical skill. Hence a simulated full-scale immersive OR theatre is proposed for conducting assessment

and training of surgical skills within a multidisciplinary fully controlled environment. Within the PBP learning

curriculum it would become step 5c (see Fig. 16).
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Fig. 16: PBP training extended with full simulated environment as step 5c.

2.3.1. Research on the missing step 5c: multidisciplinary team-based simulation envi-

ronments

Today there still exist only a few examples of cross fertilization between both simulation approaches namely VR

simulation and simulated patients (computerized mannequins) (see Section 2.3.) and only preliminary attempts

to train surgeons and anaesthetists together [3], [95], [96], [101] Table 2.2. There are many concepts used

exclusively in procedural or mannequin simulations that have the potential to effect a complementary cross

fertilization in a joint effort. An example of such a concept is the deliberate exposure to adverse events. This

concept was proposed by [46] as a solution to the common problem of missing experience of surgical students due

to a limited exposure to actual patients experiencing low-frequency and high-risk situations [2]. The described

assessment and training environments (see Table 2.2 consist at least of an anesthetic simulator (mannequin)

most of the time in combination with synthetic models and offer deliberate exposure to adverse events. Only

one study reported on the use of a VR simulator and a mannequin in simulated OR setting [100]. Paige et

al. used in a pilot study with 10 participants a full-scale computerized mannequin and a VR cholecystectomy

simulator (see Fig. 17). Three teams consisted of 3-4 team members. The crisis scenarios were embedded in

the simulation program of the mannequin and forced the team members to manage the crisis. In particular

the communication with the surgical resident who performed on the VR simulator was part of the training. A

positive receptiveness of the participants was assessed by using questionnaires. However the ’integration’ e.g.

the correlation between physiological parameters of mannequin and VR simulator has not been truly made.
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Fig. 17: A METI Human Patient Simulator (HPS) (left) combined with a VR cholecystectomy simulator of

Simbionix Ltd. (image taken from Paige 2007).

Another example of Paige et al. combined a synthetic cholecystectomy model with a mannequin simulator into a

mobile team training setup for crisis scenarios e.g. cardiac arrhythmias, malignant hyperthermia, anaphylactic

allergic reaction to antibiotic and hypotension due to septic shock [101]. They essentially demonstrated face

validity of their simulation setup. Moorthy et al. used a synthetic vein operation model placed over the right

groin of a mannequin simulator to train surgeons in a team simulation setting. In one experiment, a hypoxia

scenario was triggered by the trainer during the simulation session in order to assess the surgeons’ awareness

towards the anaesthetist and the patient [95]. In a second experiment, bleeding was started by the trainer at a

standardized point in order to assess non-technical skills besides the ability to control the bleeding [96]. Both

studies demonstrated the face validity of a novel full-team OR crisis simulation environment for technical and

team skill training. Their studies could also establish construct validity of the simulation regarding technical

ability of the surgeons, however they could not demonstrate it for non-technical skills. As a major limitation

of their approach they see the lack of suitable high fidelity surgical simulators with a possible solution being

VR simulators. [46] notes that ”few, if any of the virtual reality simulations have the capacity for the trainer

to control the introduction of an adverse event to the training scenario, although this is a common occurrence

in anesthesia training” (see Table 2.2).
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Thus the missing link is a VR simulator which can be optimally integrated into a simulated OR theatre. The

term ’optimally’ is used in the sense that (i) the physiology of the VR simulator is coupled with the physiology

of the mannequin e.g. cement leakage during a vertebroplasty provokes a lung embolism leading to increased

heart beat of the simulated patient. And (ii) the hardware setup realism is not hindering immersion e.g. the

VR simulator should be located at the position where you would normally expect the operating site of the

surgical team. Additionally it should reflect the real operating site e.g. patient skin, appropriate drapping and

real surgical instruments.

The community strongly agrees that the combination of both simulation technologies, mannequin and (VR)

procedural simulator, would facilitate the integration of non-technical skills into the surgical curriculum and

might even achieve the broadest potential of medical simulation: a full team training for all varieties of clinical

teams and in particular among surgeons and anaesthetists [20], [3], [95], [96], [101], [2], [70], [121], [46]. This

agreement is driven by the experience that the majority of errors in high reliability organizations such as avia-

tion are due to non-technical errors [3].

Therefore the objective of the research work which is described within this thesis is to combine a computerized

mannequin simulator with a novel VR surgical procedural simulator (see Fig. 1), as the key problems of

simulated OR theatres with full mission scenarios for team-based assessment and training are:

Key problems of simulated OR theatres

• High fidelity VR simulators designed for team-based training does not exist referring to [23] [133]

• Little knowledge on correlating technical and non-technical performance indicators leading to differen-

tiable factors which should be addressed for individual skill training (see Section 2.3.1.)

Research objectives

• The combination of a VR surgical procedural simulator and computerized mannequin is a novel training

setup for medical assessment and training. Scientific evaluation and validation of this new simulation

environment are conducted.

• Research and development of a surgical simulator reflecting complete workflows of surgical procedures,

including intra-operative crisis scenarios which potentially result in adverse events. The capability to

deliberately expose the trainee to realistic adverse events facilitates the research on robust error metrics

for performance assessment in adverse or critical situations, as well as on strategies for augmentation

and amplification of error perception and mediation of error recovery strategies, e.g. in deliberate

practice or procedure rehearsal scenarios.

• Establishment of structured assessments of surgeons’ and surgical team’s technical and non-technical

skills during simulation-based training that enhance impact on the acquisition, application, and reten-

tion of teamwork skills in healthcare.

According to the framework of [44] the developed simulation can be applied in health care in the following 11

dimensions (see Table 2.3). Furthermore the simulation environment comprises the surgeon-patient-machine

triangle in Image-Guided Interventions (IGI) illustrated in [64] and focuses on the assessment level 3 though

considering the study conditions ”simulated clinical scenario, laboratory” of level 2.
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Dimension 1: The purpose and aims of the simulation activity

+ + +

Education Training Performance

assessment

Clinical

rehearsal

Research

(Human

factors)

Dimension 2: The unit of participation in the simulation

+ + +

Individual Crew Team Work unit Organisation

Dimension 3: The experience level of simulation participants

+ + +

School Primary

Secondary

College;

university

Initial

professional

education

Residency or

on-the-job

training

Continuing

education and

training

Dimension 4: The health care domain in which the simulation is applied

+ +

Imaging

(Radiology

Pathology)

Primary care;

psychiatry

In-hospital

ward based

(Medicine/

Paediatrics)

Procedural

(Surgery,

OB/GYN)

Dynamic high

hazard (OR,

ICU, ED)

Dimension 5: The health care discipline of personnel participation in the simulation

+

Aids; clerks Allied health;

technicians

Nurses

(Including

advanced

practice nurses)

Physicians Managers;

executives;

trustees

Regulators;

legislators

Dimension 6: The type of knowledge, skill, attitudes, or behaviour addressed in simulation

+ + +

Conceptual

understanding

Knows

Technical skills

Knows how

Shows how

Does

Decision

making skills

Meta-cognition

Static Dynamic

Attitudes and

behaviours

Team work

Professionalism

Dimension 7: The age of the patient being simulated

+ +

Neonates Infants Children; teens Adults Elderly

21



Dimension 8: The technology applicable or required for simulations

+

Verbal Role

playing

Standardised

patients (Actor)

Part-task

trainer

Physical; virtual

reality

Computer

patient

Computer

screen; screen

based ”virtual

world”

Electronic

patient Replica

of clinical site;

mannequin

based; full

virtual reality

Dimension 9: The site of simulation participation

+

Home or office

Multimedia

screen-only

simulations

School or

library

Multimedia

screen-only

simulations

Dedicated

laboratory

Physical

part-task

trainers Virtual

reality part-task

trainers

Replica clinical

environment

Replica clinical

sites Patient

simulation

systems Full

video capture

Actual work

unit ”Insitu”

simulation

Mobile

simulation

Dimension 10: The extent of direct participation in simulation

+

Remote viewing

only No

interaction

Remote viewing

with verbal

interaction

Simulation

based M & M

conference

Remote viewing

with hands-on

interaction

Remote haptic

surgica trainer

Direct on-site

hands-on

participation

Immersive

participation

Dimension 11: The feedback method accompanying simulation

+

None Automatic

critique by

simulator Real

time delayed

Instructor

critique of

records of prior

simulation

sessions

Real time

critique

Pause/restart

Real time

mentoring

Video based

post-hoc

debriefing Indi-

vidual/group

Table 2.3: The 11 dimensions of simulation applications. In the figure the general application of a simulated

OR is depicted (Gaba 2004).

2.4. The design, development and validation process of a multidisciplinary team-based sim-

ulation environment

To ensure a valuable simulation environment an iterative development approach Table 2.5 should be used

to satisfy the miscellaneous requirements of different stakeholders. [121] recommends to involve specialists of

various disciplines ranging from surgical experts (teachers), residents (learners), educationalists e.g. simulation

experts (teaching the teachers), designers, engineers and psychologists.
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Process step Choice of procedure

scenarios (see Section 3.3.

and 3.4.)

Task analysis (see Section

3.5.)

Design and validation of

assessment system (see

Sections 3.6.1. and 4.3.)

Purpose/Outcome Appropriate procedure

scenarios with crisis

Assessment

system/framework;

Assessment construct e.g.

surgical skill;

Requirements for

simulation

Accurate reflection and

good predictor of surgical

skill; Technology for

assessing objectively

performance; Assessment

of/for learning

Methods/tools Literature search strategy Cognitive walkthrough,

semi-structured

interview; video-based

analysis; Intraoperative

documentation (e.g.

observation)

Training environment

with performance metrics

Sources Books, publications,

videos, medical expert

interviews

Books, publications,

videos, domain expert

feedback and advice

Feedback/review sessions

with domain experts

Table 2.5: Guideline: Iterative development process.

The following questions should be asked during the development:

Key questions and aspects

• Which procedure should be considered?

• Is appropriate simulation technology available for simulating the procedure?

• Can available simulation technology be optimally integrated into the team-based setup?

• Are validated performance metrics available for assessing technical and non-technical skills?

Additionally a few aspects need to be considered such as the fidelity and the choice of an appropriate scenario.

2.4.1. Fidelity of simulation equipment

Fidelity of medical simulation environments refers to the degree to which it reproduces the state and behavior

of the real world [46]. The fidelity of the simulation materials or technology is highly dependent on the purpose

of the simulation and is a barrier to conducting multidisciplinary team training in a simulated OR setting

[23][133]. The key factors according to [133] are ”the unit of participation, the experience level of simulation

participants, the type of knowledge, skills and attitudes addressed in simulation and furthermore participants

may perceive the simulation differently depending on their personal experience”. Referring to [46] apart from

the presentation and computer graphics the behavior of the instruments used during the simulation and the

behavior of the tissue should be as realistic as possible. In order to achieve the greatest return on investment

it is key to assess during the design and development phase how much fidelity is required.

2.4.2. Scenarios

The choice of the scenarios is key for enabling the simulation participants to immerse into the simulation. The

scenarios should reflect crises in such a way that the participants believe that they are in a realistic situation

and behave as they would in real life [133].
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2.4.3. Validation study recommendations

According to [123] thoughts have to be spent on the following essential aspects.

Template and essentials for a study

• Deliberate selection of VR task(s).

• Selection of task difficulty levels.

• Selection of duration of training.

• Definition of reasonable performance objectives.

• Subjects (experience, norming e.g. via visuospatial reasoning test, multicenter).

• Task.

• Performance metric for task.

• Assessment tool and method (technical setup or at least two observers using checklists with rating

scales => objective quantitative data).

• Hyphothesis.

• Groups (training vs. no training).

• Category of training.

• Environment (well-known conditions).

• Analysis.

The proposed simulation environment for team-based assessement and training has to be validated and requires

appropriate methods to measure the surgical performance of each team member and the team performance.

The next part of this thesis is targeted to provide the necessary background for the validation of simulation

technology and further on illustrates currently used methods for assessing surgical technical and non-technical

performance. These described methods were later on used within the studies to prove the validity of the

simulation environment and additionally provide the first steps towards appropriate performance metrics for

assessment of technical and non-technical performance.

2.5. Validation

In the case of assessment, validity refers to the degree to which a measurement instrument e.g. a simulated

OR truly measures what it is supposed to measure. It is concerned with whether the right things are being

assessed, in the right way, and with a positive influence of learning. Within this thesis the various validities

referred to, consist of those mentioned in [9] and [46]:

Face validity Face validity can be described from the perspective of an interested lay observer. If he or she

feels that the right things are being assessed in the right way, then the assessment has good face validity. Face

validity is tested during the early development stages of a test construction.

Content validity An assessment has content validity if it contains the steps and reflects the abilities (knowl-

edge, skills or behaviours) used in a procedure which it should measure.

Construct validity The extent to which the assessment and the individual components of the assessment

test the professional constructs on which they are based. For instance, an assessment has construct validity if

senior trainees achieve higher scores than junior trainees.
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Criterion validity Agreement with other assessments intended to measure the same construct. For example,

method A and method B both assess technical surgical skills and, despite being different assessment methods

that are completed separately, could be expected to agree as they measure the same construct of surgical per-

formance.

Apart from those validities previously described, which are proven within the studies in Chapter 3. and Chapter

4. the following validities are commonly used in discussions and publications:

Predictive validity This refers to the degree to which an assessment predicts expected outcomes. For exam-

ple, a measure of attitudes (behaviour) towards preventive care should correlate significantly with preventive

care behaviours.

Consequential validity Educational impact: This is an important aspect of the validity of assessment. It

refers to the effect that an assessment has on learning, and in particular on what trainees learn and how they

learn it. For example, they might omit certain aspects of a syllabus because they do not expect to be assessed

on them, or they might commit large bodies of factual knowledge to memory without really understanding them

in order to pass a test of factual recall, and then forget them soon afterwards. Both these behaviours would

indicate that the assessment has poor educational impact because both lead to poor learning behaviours.

Concurrent validity If the pre-existing ”gold standard” assessment tool can be replaced by a new assessment

tool while both tools are measuring the same construct.

Discriminate validity It reflects the extent to which the scores generated by the assessment toll actually

correlate with factors with which they should e.g. the assessment tool can discriminate the ability levels within

a group with similar experience.

2.6. Assessment

The following section will give you an illustration of key concepts of assessment theory in order to provide a

profound background for simulation-based assessment.

The term assessment stands for the process of measuring a trainee’s knowledge, skills, judgement or professional

behaviour against defined standards. It has to be as objective and reproducible as possible. The test should be

reliable therefore it should produce the same or similar scores in two occasions or by two assessors. Furthermore

the test should be valid which means that it measures what it sets out to measure and its educational impact.

The focus of the thesis is the assessment of surgical skills. Hence the surgeons’ skills are compared to a reference.

There exist two ways for referencing assessment [9]:

• Criterion-referenced refers to an absolute standard, i.e. the trainee’s performance against a benchmark.

Such a benchmark might be the ability to perform a procedure competently without help from the

assessor.

• Norm-referenced ranks a trainee’s performance against all the others in the same cohort, i.e. satisfactory

for that level of training. Norm-referenced assessments are inherently more difficult to determine and,

whenever possible, should not be used.

2.6.1. Purpose of assessment

The main drivers for teaching and learning is assessment. In order to define the appropriate assessment methods

and tools to apply the right metrics a global view on the purpose and level of assessment is given [9]. According

to [22] an assessment has to be based on the purpose of the assessment and the following aspects should be

considered while desiging an assessment:
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• Choice of assessment methods.

• Selection of assessment tools.

• Way in which the above are combined.

• Number of assessments.

• Timing of assessments.

• Way in which outcomes are used to make decisions regarding progression or certification.

2.6.2. Levels of assessment

Models for describing the levels of assessment were proposed by [93] and [111].

Miller’s model (see Fig. 18) provides the basis for guiding curricular design and selection of assessment methods

to suitable levels of assessments. It consists of four levels of assessment which are related to surgical skill

assessment methods.

Fig. 18: Miller’s pyramid linked to methods of assessment. EMQs: extended matching questions; MCQs:

multiple choice questions (Beard 2011).

The Cambridge model of performance by [111] is derived from Miller’s pyramid (see Fig. 19). It models

performance as a window to competence. Each performance of a surgeon has to be seen ’case-related’ (e.g.

complexity or type of procedure). Furthermore the model integrates additional factors ’individual-related

influences’ (e.g. physical and mental health) which have an impact on the day-to-day performance of doctors

and ’system-related influences’ (e.g. time pressures).
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Fig. 19: The Cambridge model of performance (Beard 2011).

A more comprehensive account of the skill acquisition process is the skill model of Dreyfus (see Fig. 20 and

Table 2.7) (1986/2000) [69] [46]. It depicts the process of building up expertise from novice, advanced begin-

ner to competence and to proficiency and finally expert. All these different levels are related to performance

characteristics (see Table 2.7). The progression of the trainee/learner is based on the talent, how similiar the

new tasks are to the performance characteristics and the skills learned in previously performed tasks and the

skill of the mentor.
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Fig. 20: The Dreyfus skill model (Kirkpatrick 2012).
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Stage Performance characteristics

Expert

• Source of knowledge and information of others

• Continually looks for better methods

• Work primarily from intuition

• Being forced to follow rules degrades performance

Proficient

• Seeks to understand larger context

• Frustrated by oversimplification

• Can self-correct performance

• Can learn from experience of others

Competent

• Can troubleshoot problems problems on his/her own

• Seeks out expert user advice

• Develops conceptual models

Advanced beginner

• Starts trying tasks on his/her own

• Has difficulty troubleshooting

• Begins to formulate principles, but without holistic

understanding

Novice

• Has little or no previous experience

• Is vulnerable to confusion

• Does not know to respond to mistakes

• Needs rules to function

Table 2.7: Characteristics of each stage of the Dreyfus skill development model from Gallagher 2012.
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Assuming the skill model of Dreyfus as basis the interesting questions are: ”to which level the learner should

advance to and further on how do you benchmark it?” First, the trainee should reach the proficiency level

related to a previously defined benchmark by experts. Meaning that the person is acting responsibly without

the need of supervision and additional builds-up confidence/expertise based on experiencing problems/errors he

can solve on his own. The defined benchmark derived from several trials of experts on the simulator (the number

of trials depend on how fast the learning curve flattens out) which are recorded and assessed grounding on a

validated assessment construct. This means that ultimately a performance score is derived to which trainees

can be compared to.

2.6.3. Technical skill assessment

Various methods exist to assess the technical performance of surgeons e.g. OSATS, ICSAD and MISTELS (see

Appendix C2 C2.), however up to date there does not exist a generic metric for MIS procedure performance

characteristics. It seems that it has to be developed procedure-specific based on a task analysis [46]. Within

the task analysis the behaviors are identified which should be measured (see Chapter 3. and Chapter 4.).

2.6.4. Non-technical skill assessment

SURG - Task Load Index (SURG-TLX) Within the second study which is described in detail in Chapter

4. the SURG-TLX is applied. [145] developed and validated the SURG-Task Load Index (SURG-TLX).

Essentially it is a combination of the NASA-TLX which is a well validated instrument [67] and the Driving

Activity Load Index (DALI) [104] considering the key intraoperative stressors of [143] for defining the dimensions

approximating the demands the surgical operator faces. In total eight surgeons were consulted to give feedback

on the proposed dimensions.

• Mental demands: How mentally fatiguing was the procedure?

• Physical demands: How physically fatiguing was the procedure?

• Temporal demands: How hurried or rushed was the pace of the procedure?

• Task complexity: How complex was the procedure?

• Situational stress: How anxious did you feel while performing the procedure?

• Distractions: How distracting was the operating environment?

In order to validate the SURG-TLX 30 novices performed a peg transfer task (see Fig. 21) which is a validated

Fundamentals of Laparascopic Surgery (FLS) task [125]. The study showed that the SURG-TLX is sensitive

to a several different surgical stressors including increased complexity, physical fatigue, multitasking and time

pressure.

Fig. 21: Each object has to be transferred from one side to the opposite side of the pegboard. To perform

this task, each object is grasped with the non-dominant hand, and then the object is transferred mid-air to the

dominant hand. Afterwards the object is placed on a peg on the opposite side of the pegboard a.

aSource: http://www.flsprogram.org/wp-content/uploads/2014/03/Revised-Manual-Skills-Guidelines-February-2014.

pdf accessed Apr/21/2016.
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3. Development and Procedural Evaluation of Immersive Medical Simulation Environments

This section is adapted from ’Development and procedural evaluation of immersive medical simulation environ-

ments’ [148] and ’Task and Crisis Analysis during Surgical Training’ [149] and it shares experiences in designing

a complete VR simulator prototype for an immersive simulated OR theatre. The three conditions outlined in

section 3.2. are accounted for through the following key research contributions:

• The combination of VR surgical procedural simulator and computerized mannequin in designing novel

training setups for medical education.

• Based on a user-study, the quantitative evaluation through surgical workflow and crisis simulation for

proving face validity of immersive medical training environments.

3.1. Simulator realism

To offer the same conditions to medical participants as if they were truly immersed in a live surgery, a simulator

should be integrated with the same medical instrumentation used by surgeons. Further, the learning environ-

ment should address a broad spectrum of human sensory channels such as tactile, auditory and visual channels

in real-time with the help of haptic feedback, CT imaging device simulation, and physiological monitoring.

3.2. Three conditions for an effective medical simulation learning environment

Many authors agree that the combination of mannequin technology and VR procedural simulators would fa-

cilitate the integration of non-technical skills into the surgical curriculum and might even achieve the largest

potential of medical simulation: team assessment and training for all varieties of medical teams and in particular

surgeons and anesthetists [75], [121]. To date there still exist only a few examples of cross fertilization of the

above areas in team training and notably none uses a high fidelity mannequin simulator in combination with a

VR simulator. This is probably due to VR simulators lacking trainer controllable interfaces important in CRM.

Conditions

1. Few, if any of the virtual reality simulations, have the capacity for the trainer to control the introduction

of an adverse event to the training scenario, although this is a common occurrence in anesthesia training

[75].

2. Second, many failed surgeries are directly linked to the surgeon’s performance. The errors made can

be distinguished into: (i) latent conditions which are inherent within the health care system e.g. time

pressure, fatigue or unworkable procedures, and (ii) active failures which are of different type e.g. pro-

cedural violation, slips, and lapses. Thus, both surgeon and operating team should have situation

awareness and experience with handling critical events which can endanger the patient. ”The intro-

duction of critical events into medical simulation learning environments helps to diminish the impact

of disruptive unexpected events on the trainees’ procedural skills. This enables the trainees to handle

unfamiliar and unpredictable events” [121].

3. Third, there is ongoing discussion about the realism of simulators. For effective medical training the

immersion into the environment is required [114]. For the setup of medical learning environments the

utilization of real medical equipment is necessary. The learning environment should address a broad

spectrum of human sensory channels such as tactile, auditory and visual channels in real-time.

3.3. Choice of a suitable procedure

We concentrate on vertebroplasty (see Fig. 24), a percutaneous image-guided minimally invasive surgery per-

formed within orthopedic, trauma and radiology surgery rooms worldwide. Today percutaneous vertebroplasty
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is an assorted method that treats all types of vertebral fractures [74]. The main cause of vertebral compression

fractures is osteoporosis, one of the most challenging diseases of the 21st century. Osteoporosis is a disease

characterized by low bone density and mass, leading to deterioration of bone tissue, increased bone fragility,

and risk of fracture [138]. Patients with osteoporosis have 23% higher rate of mortality compared to corre-

sponding normal population [32], imposing a social and an economic concern. Osteoporosis affects 12% of

population within the age range of 50-79 in Europe, and approximately 1.4 million Canadians [102] and 10

million Americans [82]. Every year about 1.4 million new vertebral compression fractures due to osteoporosis

occur worldwide. The objective of vertebroplasty is to inject polymethylmethacrylate (PMMA) bone cement,

under radiological image-guidance, into the collapsed vertebral body to stabilize it. However, the complication

rate is markedly high and clinical adverse effects can be devastating if not treated immediately [106]. Intensive

and accurate communication especially between surgeon and anesthetist is very important during the procedure

to avoid such problems [42]. As such, we designed a simulation environment for the training of vertebroplasty

procedures.

3.4. Adverse events and crisis simulation

The occurrence of adverse event(s) is crucial since understanding the impact of risk or danger on clinical

judgement and skill is a vital element in becoming experienced [70]. During percutaneous vertebroplasty the

most common complication is cement extravasation, i.e. cement leakage. When a leakage is not recognized

during the procedure, a pulmonary embolism may develop as more PMMA is injected and increasingly migrates

into the venous system. Pulmonary cement embolism is reported to occur in approximately 2-26% of procedures

[139].

A reason for a surgeon’s failure to recognize cement leakage is the lack of monitoring cement flow in caudal

and cranial directions during (CT) guidance. As a result, an anesthesiologist aware of the procedure-related

risks is present during surgery and can interpret clinical signs of a pulmonary embolism (i.e. sudden oxygen

desaturation) and communicate it to the surgeon [42].

To ensure authenticity, our approach includes complete workflows of complex procedures with occurrence of

adverse events, since understanding the impact of risk or danger on clinical judgment and skill is a crucial

element in becoming an expert [70]. During percutaneous vertebroplasty, the most common complication is

cement extravasation, i.e. cement leakage into (i) paravertebral soft tissue or the needle tract causing pain, (ii)

intervertebral disc space possibly leading to new fractures of adjacent vertebrae (see Fig. 22), (iii) epidural or

paravertebral veins potentially causing pulmonary embolism (see Fig. 23), and (iv) intervertebral foramen or

the spinal canal which can lead to neuralgia or spinal cord compression respectively [28], [48].

Fig. 22: (a) Fluoroscopy and (b) CT scan show cement leaks towards the intervertebral disc. (c) CT scan shows

epidural space cement leak. From Gangi 2003.
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Fig. 23: (a) Fluoroscopy and (b) CT scan show venous leaks. (c) CT scan shows pulmonary cement embolism.

From Gangi 2003.

Fig. 24: Vertebroplasty is the injection of cement into fractured vertebrae. An (A) axial and a (B) sagittal view

of a Computed Tomography (CT) scan shows no cement leakage outside of anatomy. 1

When a venous leakage is not recognized early during the procedure, a pulmonary embolism may occur as more

PMMA is injected and increasingly migrates into the venous system [42]. A reason for failure to recognize

cement leakage on the surgical side is the lack of monitoring the cement in caudal and cranial directions. An

anesthetist aware of the procedure related risks, however, can interpret clinical signs of a pulmonary embolism,

e.g. sudden oxygen desaturation, arrhythmia or hypotension - which may in elderly osteoporotic patients be

easily misinterpreted to a supposed cardiopulmonary comorbidity. In case of a suspected pulmonary embolism,

the surgeon has to be informed to stop the injection immediately. Further examination and management of

the situation (e.g. haemodynamic support, treatment with anticoagulants, or surgical intervention) have to be

1Source: http://www.clinicaldensitometry.com/article/S1094-6950(15)00177-8/fulltext accessed Apr/21/2016.
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decided by the medical team [42].

3.5. The VR surgical procedural simulator for vertebroplasty

Our setup consists of a haptic device for instrument interaction (Fig. 25-1), a pad into which the instruments can

be inserted (Fig. 25-2), a CT scanner mock-up including a positioning laser (Fig. 25-3), a foot switch triggering

CT image acquisition (Fig. 25-4) and a monitor showing acquired CT images (Fig. 25-7). A computerized

mannequin simulator is placed onto the operating room (OR) table (Fig. 25-5), the pad is fixed on the mannequin

using a tension belt and the haptic device is attached to the table using a standard clamp. The computerized

mannequin simulator is connected to the diagnostic devices (Fig. 25-8) and finally draped. Real surgical

instruments (Fig. 25-6) can be attached to and detached from the haptic device using a clipping mechanism.

CT imaging data is used to generate haptic feedback delivered to the instrument and visualize the patient’s

anatomy in combination with the simulated instrument on the CT monitor. The pad, essentially a box covered

with synthetic skin, acts as housing for the instruments to avoid damage to the mannequin.

1 

2 

3 

5 

7 

6 

4 

8 

Fig. 25: Surgical training environment for vertebroplasty.

3.5.1. Surgical workflow steps and crisis simulation

The procedural steps were extracted from live surgery video recordings and literature [110] in conjunction

with the feedback from expert surgeons. Through these surgical workflow steps the aim of our simulator is to

realistically represent all subtasks of vertebroplasty up to cement injection and successful vertebral stabilization.

Fig. 26 describes the tasks, instruments and learning objectives within three surgical workflow steps.
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Fig. 26: Surgical workflow with corresponding instrumentation and learning objective.

Through a skin incision, the surgeon introduces a trocar into the virtual patient’s body and advances it further

through the pedicle into the vertebral body using CT guidance. Feedback generated by the haptic device gives

the surgeon tactile information on the anatomy in contact with the instrument. Bone structures are discernible

and clearly distinguishable from soft-tissue. When the desired position is obtained with the trocar inside the

vertebral body, the surgeon injects bone cement using a syringe. A cement model is used to discern the amount

injected and it is consequently augmented on the CT slice images. Crisis simulation: an ’unexpected event’ is

induced in terms of a cement extravasation into a perivertebral vein causing a lung embolism.

The aim here is to provoke communication between anesthesiologist and surgeon to relay proper response for

this adverse event. For example, the surgeon is supposed to learn to better discern cement leakage in the CT

image, before the pulmonary embolism occurs.

3.5.2. Technical details on instrumentation, haptic feedback and CT simulation

Instrumentation The instrument interface consists of a haptic device with a custom-made instrument con-

nector and a pad, representing the patient’s body, into which the instruments are inserted. The haptic device

used is a Novint Falcon (Novint Technologies Inc., Albuquerque, NM, USA). It is a translation-only 3DOF

variant of the delta-robot design which has the advantage of increased actuation stiffness [87]. The implications

on the haptic feedback and the force reversal due to the fulcrum at the entry point are discussed in [84]. The

end-effector of the Novint Falcon is detachable and can be replaced with custom attachments. Using rapid

prototyping technology, we have developed an end-effector to which surgical instruments can be attached. The

instruments are equipped with a plastic ball which is clipped to the end-effector socket in a ball-joint manner.

To determine the amount of cement injected, we have developed a level-gauge model consisting of a level gauge
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with a USB interface installed in a syringe barrel (see Fig. 27). The cement injection syringe, filled with white

colored water, is connected to it via a T-connector and standard syringe tubing. This T-connector makes it

possible to attach the syringe to the trocar, creating the impression of injecting the cement into it, while in fact

the liquid is channeled away into the measuring device.

Fig. 27: From left to right: (Bottom) level gauge with USB connector. (Top) cement model; Transfer functions

τα and τβ .

Haptic simulation We use an approach similar to [109] to generate haptic feedback from CT imaging data.

Specifically, two haptic primitives [84] described there, are used to generate the haptic feedback. The trocar

path is modeled by a line primitive restraining the trocar from deviating. Trocar progression is controlled

using a plane primitive exerting resistance as the trocar is advanced through the tissue. Instead of defining the

strength of the line primitive as a function of depth, we use the radioopacity of the penetrated tissue as an

influencing factor. It is defined by accumulating samples along the instrument path, from the entry point to

the tip of the instrument, that are interpreted using a transfer function (see Fig. 27-middle). A second transfer

function (see Fig. 27-right) is used to map strength to a maximum penetration speed which is enforced by the

plane primitive as described in [109]. The transfer functions were experimentally defined with expert surgeons.

During this process, it became apparent that the bone corticalis could not be clearly perceived by the user.

Therefore, we added a proxy-based surface haptics rendering method [118] reflecting the distinct shape of the

cortical bone using a surface mesh derived from a segmentation of the vertebrae. This has a high simulated

stiffness and we simulate bone penetration by dropping the resistance if a particular force threshold is exceeded.

The resistance also drops in reality as the bone corticalis is penetrated and the trocar advances into the brittle

trabecular bone structures Fig. 28.
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Fig. 28: Haptic feedback based on haptic primitives and proxy-based surface haptics.

CT simulation From Fig. 29-right, CT imaging is used in our setup to mimic the situation in the real OR

which supports the surgeon in instrument navigation, verification of access paths, and injection and control of

the distribution of the bone cement. A mockup consisting of printed Styrofoam plates mounted on an aluminum

frame represents the CT scanner. A line-laser fixed to the frame marks the image acquisition plane on the patient

and the instrument. It can be used to define an entry point and to check whether the instrument is in-plane.

Using a footswitch, the operating surgeon acquires CT images, which are displayed on a monitor placed on the

opposite side of the patient. The monitor shows three CT slice images with the central image’s acquisition plane

denoted by the laser line and the left and right images cranial and caudal respectively to the central image. The

CT data used in this visualization originates from an anonymized dataset acquired in an actual vertebroplasty

procedure. The instrument visualization is achieved by rendering 3D models of the instruments in a clipping

plane capping approach developed in [91]. This process is repeated with different anteroposterior offsets for

the clipping plane, blending the resulting images to simulate a slice thickness matching that of the original CT

slices. The bone cement is modeled as a jagged sphere rendered using the same approach. The final images

displayed on the monitor consist of the CT slice image superimposed with the instrument slice rendering.
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Fig. 29: (Left) A close-up of the operating site. (Right) The CT monitor shows the corresponding CT scans

for (a) trocar insertion and (b) gradual cement injection.

3.6. Protocol

The immersion process: The surgeon entered the simulated operating theatre and was requested to put on

medical gloves for single use. A short briefing about the patient was given: the patient’s name: ’Mr. Huber’,

age: ’79’, bone structure: ’osteoporotic bone’, the current level: ’oxygen saturation 98%’, and that a local

anesthesia was conducted, thus the ’patient is currently awake’. Then they were informed about the scenario

and made familiar with the theatre environment. Afterwards, the independent anesthetist assumed his position

on the other side of the CT scanner. The CT scanner and the patient monitor sound were turned on. The

three surgical workflow steps were performed with real medical instruments and with the aid of VR, haptic,

and multisensory feedback at specific instants of the procedure. During surgical workflow step 3, the simulation

instructor introduced a visualization depicting cement extravasation into a perivertebral vein. Furthermore,

the physiology of the computerized mannequin was influenced by the instructor simulating a lung embolism

by gradually lowering the oxygen saturation from 98% to 80% beginning at a standardized point during the

procedure. The simulation was stopped after the communication between the surgeon and the anesthetist

occurred which determined their acknowledgment that an adverse event occurred.

3.6.1. Results and discussion

Four surgeons participated in a user-study involving the completion of the surgical workflow steps described in

the previous section. The participants had varied experience: two senior experts (> 150 executed vertebroplas-

ties) and two junior experts (< 150 executed vertebroplasties). Each participant was immersed individually

in our VR surgical simulator in combination with a mannequin connected to the monitoring device. An inde-

pendent person with knowledge of physiological responses and monitoring acted as the anesthesiologist. The

surgeons were asked to give feedback using the Likert scale - a type of psychometric response and the most

widely used scale in survey research. The subjects specified their level of agreement to a statement in our

questionnaire. The 5-pt Likert scale format was: (1) Strongly disagree, (2) Disagree, (3) Neither agree nor

disagree, (4) Agree, (5) Strongly agree. We assessed the face validity of the medical simulation environment,

which is a subjective validation and usually used during the initial phase of test construction [46]. However the

intent of the evaluation goes even beyond, trying to get answers related to obstacles hindering immersion into

the simulation scenario and to disseminate these to the research community.
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3.6.2. Survey results

3.1 provides details on the average scores for the survey. The scores were categorized as: workflow steps

face validity, crisis simulation, face validity and simulation environment. There were consistently high levels

of agreement for all the questions. The group of surgeons thought that the modeling of workflow step 1 is

realistic. The majority found that the realism is high during workflow step 2. They considered the simulation

of workflow step 3 and 4 realistic as well. The questions pertaining to the face validity of the simulation setup

were answered with an overall average Likert score of 4.5 - signifying that the simulation is realistic.
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3.6.3. Limitations

The lowest score was assigned during workflow step 3 related to the usage of the syringe and visualization of

the cement in CT. Here, surgeons differed in response claiming that the manual pressure they had to apply on

pushing the stamp of the syringe was either too low or too high. A major complaint of the surgeons was that

the movement of the trocar used in workflow step 2 was not sufficiently limited by the bone tissue. After the

surgeons placed the trocar inside the vertebra they could still move it laterally. This aspect does not reflect the

surgeons experience with this instrument behavior during real surgeries and therefore it decreased the level of

realism.

3.6.4. Overall assessment

The complete simulation environment was ranked with an average Likert score greater than 4.5 when assessing

all aspects of the realism of the simulation environment, specifically on whether it is suitable for the training

of technical skills team training.

3.6.5. Synopsis

The goal for the modern learner is to arrive at the bedside of a real patient with proficiency already demon-

strated in the requisite skills. In this process, the most expensive and scarce resource is the experienced clinical

instructor. In this area, the synergy between computer-assistance and real medical instrumentation can make

invaluable contributions by enabling focused and deliberate practice to further motivate the trainee. Thus, clin-

ical education specialists need a customizable medical simulation environment to experiment with new learning

models and training regimens. In this paper, we outlined some key aspects that we believe should characterize

a customizable simulation environment. We have designed a procedural VR simulator, in combination with

mannequin technology, into an OR training and assessment environment. The simulator is capable of repre-

senting the entire surgical workflow including a medical imaging device simulation with the capacity to use

patient-specific data, thus allowing the representation of a broad range of anatomical and pathological variety.

Real surgical tools and instruments are augmented with realistic haptic feedback. Inherently, we also addressed

a broad spectrum of human sensory channels such as tactile, auditory and visual channels in real time. To

our knowledge, this is the first VR simulator with the capacity to control the introduction of adverse events

or complication yielding a wide spectrum of highly adjustable crisis simulation scenarios. Moreover, this is the

first study that combines a VR simulator with a computerized mannequin simulator in an OR crisis simulation

scenario. Future work will involve the improvement of: (i) haptics feedback, in particular limiting the lateral

movement of the trocar inside bone tissue and (ii) CT scanner being substituted with intraoperative C-arm

fluoroscopy. NOTE: we will add (the possibility to use) fluoroscopy as a second imaging modality for guidance.

3.7. Conclusion

This study has demonstrated the face validity or realism of our medical training environment. Our conclusions

validate the importance of incorporating surgical workflow analysis together with VR, human multisensory

responses, and the inclusion of real surgical instruments when considering the design of a simulation environment

for medical education. The proposed training environment for individuals can be certainly extended to training

medical teams.
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4. Vertebroplasty Performance on Simulator for 19 Surgeons Using Hierarchical Task Analysis

In this chapter derived from ’Vertebroplasty Performance on Simulator for 19 Surgeons Using Hierarchical Task

Analysis’ [147] and [141] a unique approach is presented to orthopedic and trauma surgery training which

evaluates both surgeon technical and non-technical (cognitive) skills during their immersion in a complete

medical simulation. The simulation environment combines a VR surgical procedural simulator and computerized

mannequin in a novel training setup, and also addresses a broad spectrum of human sensory channels, such as

tactile, auditory and visual, in real-time. Included are two crisis scenarios which allow for the evaluation of the

effect on the low-level surgical skills. Training for these mixed-mode scenarios can be evaluated on the platform,

allowing for improved assessment and a stronger foundation for credentialing, with the potential to reduce the

occurrence of adverse events in the OR. The three conditions outlined in 3.2. are accounted for through the

following key research contributions:

• Scientific evaluation and validation of the combination of a VR surgical procedural simulator and

computerized mannequin is a novel training setup for medical assessment and training.

• Research and development of a surgical simulator reflecting complete workflows of surgical procedures,

including intra-operative crisis scenarios which potentially result in adverse events. The capability to

deliberately expose the trainee to realistic adverse events facilitates the research on robust error metrics

for performance assessment in adverse or critical situations, as well as on strategies for augmentation

and amplification of error perception and mediation of error recovery strategies, e.g. in deliberate

practice or procedure rehearsal scenarios.

• Establishment of structured assessments of surgeons’ and surgical team’s technical and non-technical

skills during simulation-based training that enhance impact on the acquisition, application, and reten-

tion of teamwork skills in healthcare.

4.1. Aim

Scientific evaluation and validation of our work was conducted together with 19 junior surgeons in order to

achieve the following goals: (i) to provide a qualitative measure of usability, (ii) to assess vertebroplasty tech-

nical performance of the surgeon, and (iii) to explore the relationship between mental workload and surgical

performance during crisis.

4.2. Methodology

4.2.1. Visualization

Unlike previous works [148][149], in which a CT simulator was used, a C-arm fluoroscope is integrated into the

simulation, since it is the intraoperative modality of choice during vertebroplasty. The visualization is imple-

mented on a GPU-accelerated system, using a digitally-reconstructed radiograph (DRR) to simulate fluoroscopy

from CT data [105]. Using a footswitch, the participating surgeon acquires AP and LAT C-arm images, which

are displayed on a monitor placed on the opposite side of the patient. The DRRs are generated by CT data

originating from an anonymized dataset acquired in an actual vertebroplasty procedure. A model of the surgical

instrument (trocar) is rendered into the generated image using OpenGL.

4.2.2. Haptics

The haptic device uses only translational force feedback and attached to it is a needle which is introduced through

a hole into the mannequin body. This hole is used as a pivot point to establish force feedback similar to the

approach described in [148]. Haptic feedback is generated using the H3D API [53]. A VR-based anatomical

surface-based model allows for the calculation of feedback forces from previously segmented CT patient data

and provides a haptic rendering percept that clearly distinguishes between soft tissue and bone. A mesh of the
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vertebra with a high simulated stiffness is used to render the hard cortical bone structure, dropping the resistance

if a particular force threshold is exceeded. In order to constrain the instrument movement in lateral directions,

we use a Magnetic Geometry Effect [39] [40] as described below. Fig. 30 visualizes the haptic model of a trocar

insertion towards the vertebra. In Fig. 30a, no force is applied to the haptic device and the trocar is rendered

in the simulated fluoroscopic images at the location reported by the haptic device giving the user the possibility

to adjust the instrument trajectory. As soon as the trocar reaches an insertion depth greater than 1cm, a line is

fixed at the current trajectory of the instrument. The line is outfitted with a Magnetic Geometry Effect (spring

constant = 800) constraining the movement of the trocar in directions perpendicular to the trajectory (see

Fig. 30b) simulating soft tissue. Then, at a position where the trocar tip touches the corticalis of the bone, an

additional force preventing the trocar from easily penetrating the bone is exerted through a Frictional Surface.

The stiffness parameter was set to k = 11N/mm, the highest value still generating stable haptic feedback.

The dynamic friction coefficient was set to µ = 0.6 constraining the trocar movement on the bone surface (see

Fig. 30c). Lastly, on penetration of the bone, defined by the haptic device reported force exertion greater than

30N , the Frictional Surface is deactivated, leading to a fall through of the trocar into the bone. The Magnetic

Geometry Effect spring constant is set to k = 3500, the highest value still generating stable haptic feedback,

constraining the lateral movements of the trocar. At the moment of penetration, the fixed trajectory is set to

the current trajectory, thus making an adjustment of the penetration direction possible. After the penetration,

the trocar is rendered at the projection of the haptic device location onto the fixed trajectory. This creates the

impression that the trocar is not moving in directions perpendicular to the trajectory (see Fig. 30d).

(a)	 (b)	

(c)	 (d)	

Fig. 30: Virtual haptic rendering and force feedback model during insertion of a trocar towards vertebrae.
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4.2.3. Cognitive workload and crisis scenarios

Surgeons’ workload is a major adverse determinant of surgical performance in the OR [145]. Workload is

generally defined as ”the cost incurred by a human operator to achieve a particular level of performance” that

”emerges from the interaction between the requirements of a task, the circumstances under which it is performed,

and the skills, and perceptions of the operator” [55]. Often, workload assessment is subjective. Nevertheless,

performance for subjects with different cognitive skills may be affected differently; the same task performance

may be observed for higher workload in an experienced surgeon, but the same objective performance could

only be attained with lower cognitive workload in a novice [55]. Specifically within surgery, subjective workload

has been proposed as an essential link between work demands in the OR and resulting surgical performance

[145]. To ensure authenticity in our study, we evaluate the workload for a surgeon under complete workflows of

vertebroplasty with occurrence of adverse events, since understanding the impact of risk or danger on clinical

judgment and skill is a crucial element of expert-level performance [70].

4.2.4. Protocol

Infrastructure The Institute for Emergency Medicine and Management in Medicine (INM) provided the

necessary infrastructure for conducting the validation studies. A replication of a real operating theater with an

adjacent control room was available for conducting this study (see Fig. 31). The simulated operating theater

(SOT) is equipped with a complete audio-video surveillance system which we used for recording the simulation

sessions. Thus, logfiles and video streams for the validation studies could be gathered for offline viewing and

interpretation.

Fig. 31: The infrastructure at the Institute for Emergency Medicine and Management in Medicine (INM),

Munich, Germany. Our vertebroplasty simulation environment consisted of mannequin and haptic devices with

real surgical instruments, real-time C-arm fluoroscopy visualization (bottom left), and an independent control

room varying mannequin physiology and crisis scenarios (bottom right).

Equipment In addition to the standard operating theater equipment, one of the primary features of the

SOT is a VR surgical procedural simulator. A mobile C-arm fluoroscope was integrated into the SOT. Two

monitors were integrated into the SOT for displaying LAT and AP views, as determined by two expert surgeons.

The mobile C-arm was fixed relative to the OR table. Apart from the VR surgical procedural simulator,
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Fig. 32: (Left) Surgeon inserting a trocar and anesthetist. (Right) Surgeon having finished trocar insertion,

scrub nurse in background.

a computerized mannequin simulator manufactured by Gaumard (HAL S3000) was embedded into the full-

scale simulations. This simulator is a mid-fidelity mannequin, which allows manipulation of the mannequin’s

physiologic parameters through a control interface located in the control room. The VR surgical procedural

simulator was placed between the upper and the lower body part of the mannequin simulator. Both simulators

together represent a virtual and physical patient. This setup was then enveloped with surgical drapes.

Workflow The traditional workflow consists of (i) entry point definition on patient skin, (ii) navigation of

the trocar inside vertebrae, and (iii) cement injection. For the purpose of this study, we focused solely on phase

(ii) of the workflow (see Fig. 32).

Subjects 19 junior surgeons with no prior experience in vertebroplasty participated in this study. These

subjects were divided into two groups with equal distribution of male/female participants, and underwent two

different crisis scenarios in the OR. The focus was to assess low-level task performance in the face of adverse

events, hence the participation of only junior surgeons.

Briefing The senior surgeon overseeing the study explained the vertebroplasty procedure and workflow to

the 19 subjects. He also described various crisis scenarios which may occur during an actual procedure. The

duration of the briefing was 15 minutes.

Study Protocol The physiology of the mannequin was turned on and the VR surgical simulator was restarted

to initialize the simulated X-ray imaging. The participating surgeon was informed about the study protocol

and made familiar with the theater environment. The training phase consisted of the following sessions:

• Informal training: During this stage, subjects could get familiar with the trocar and the medical

imaging.

• Training run 1: In the first run, subjects had to insert the trocar correctly. As guidance, a green 3D

cylinder representing the correct insertion path was integrated into the medical imaging. The position

of the 3D cylinder was defined by two medical experts.

• Training run 2: The subjects had to insert the trocar without the guidance from Run 1 into the

simulated patient and navigate it towards the target vertebra.

• Crisis scenario: A standardized theater team consisting of an anesthetist and a scrub nurse assumed

their positions. The subject entered the SOT through an OR door with gloves on, surgical mask and

cover. A short briefing about the patient was given: the patient’s name: ’Mr. Max Müller’, age: ’79’,

bone structure: ’osteoporotic bone’ and that a local anesthesia was conducted, thus the ’patient is

46



Fig. 33: ’Phone call’ crisis scenario. The nurse holds the telephone.

currently awake’, Scenario: ’the head surgeon defined the entry point where to insert the trocar’; ’he

had to leave and you have to continue the procedure’. The participant had to put on a lead vest given

by the scrub nurse and then start inserting the trocar. The surgical workflow step was performed with

real medical instruments and with the aid of VR, haptic, and multisensory feedback at specific instants

of the procedure. During this surgical workflow step, the simulation instructor introduced either the

crisis ’phone call’ or ’patient discomfort’ on a standardized point during the procedure namely when

the trocar reached a specific depth (0.5 of total depth) within the patient’s body:

– Crisis ’phone call’: The phone rang. The scrub nurse responded to the phone call. The caller was

the head of the surgical department and wanted to speak to the surgeon about an urgent issue.

The crisis ended when the nurse ended the phone call (see Fig. 33).

– Crisis ’patient discomfort’: The patient started to voice discomfort. Additionally the heart rate

went up and the anesthetist reported to the surgeon that the patient feels pain. The surgeon had

to inject more local anesthetics to solve the crisis. The crisis ended when the patient said: ”I am

feeling better now”. During the evaluation, participants were divided into two groups during crisis:

Group I: 3 women and 7 men participated in crisis scenario ’phone call’; Group II: 3 women and 6

men participated in crisis scenario ’patient discomfort’.

4.2.5. Measured metrics

1. The surgeon technical skills were calculated by the location of the trocar and the time elapsed being

recorded to compute the accuracy and speed of the participants at each stage of the experiment. Trocar

positioning was measured using a gold standard patient CT segmentation in which the start and end

point of the trocar trajectory was indicated by two expert surgeons. The time taken to deal with the

interruptions, i.e. speaking over the phone or administrating anesthesia, was excluded in our analysis.

In addition, number of X-ray shots and their duration were recorded to measure the overall administered

radiation dose.

2. The surgeon cognitive workload was assessed by posing the following questions:

(a) What is the association between mental workload and surgical performance during intra-operative

crisis?

(b) What is the difference between mental workload during the training runs and intra-operative crisis?

(c) What is the difference between the two crisis scenarios?

3. The face validity and training value of the simulation environment was evaluated via 13 questions on a

5-point Likert scale (1 ”not realistic” to 5 ”very realistic”).
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4.3. Results

Surgeon technical skills The analysis of performance is shown in Table 4.1. It should be noted that in case

of crises scenarios, position information was not properly recorded for 3 participants due to technical difficulties

and therefore were excluded from the performance analysis.

n RMSD error (mm) X-ray exposure (sec) Completion time (sec)

Training run 1 19 4.29 ± 2.22 16.34 ± 14.13 126.64 ± 70.85

Training run 2 19 4.60 ± 2.85 9.94 ± 13.26 81.85 ± 59.25

Crises 1 8 6.69 ± 3.17 12.7 ± 13.0 305.5 ± 208.4

Crises 2 8 5.92 ± 2.82 11.8 ± 15.1 352.5 ± 256.4

Table 4.1: Technical skill results.

A significant difference was observed between groups in terms of task completion time (Kruskal-Wallis: Chi-

Square = 26.9. p < 0.001). Post-hoc analysis using Tukey-HSD test reveals that the significant difference was

between the two training and the immersive runs (p < 0.05). Furthermore, no significant difference was observed

between different phases in terms of error or X-ray exposure time. Nevertheless, the following observations can

be made:

Time Although training subjects resulted in a decrease in time (run 3 vs. run 2), subjects performed signifi-

cantly slower when placed in an immersive environment and faced with the crises. It should be noted that the

time taken to deal with the interruptions was excluded in our analysis.

Accuracy After the training, subjects’ performance with no visual aid reached the same level of accuracy as

with a visual aid. Even though not significant, subjects tended to be less accurate during the crises. X-ray

exposure: Similar to task completion time, there is a trend that training decreases, and facing with crises

increases, the X-ray exposure time.

Precision The avg. pedicle diameter for upper lumbar spine is 8 mm, and as such, the deviation from the

ideal trajectory should be approximately an average of 4 mm to guarantee precise intra-pedicular placement

[10]. Interestingly, our trainees achieve this prior to crisis events which accentuates the obligation to train

young surgeons to handle other unexpected complications (such as cement leakage in [148] [149]). An example

of the force plots by participant #4 and #6 are depicted in Fig. 34. We observe that the exerted force by

participant #6 was greater in magnitude over the course of the experiments. Also, the time taken to complete

the experiment was longer compared to participant #4. In fact, the subjective workload, defined previously, was

0.5 for participant #4 and 4.4 for participant #6. Further analysis demonstrated that all other participants had

a lower workload than participant #6, while only three other participants had a lower workload than participant

#4. Fig. 35 demonstrates visually the precision of trocar insertions for these two participants compared to

ground-truth. The RMSD were 2.84 mm and 8.87 mm for participants #4 and #6 respectively.
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Fig. 34: The figure shows the exerted force magnitude in N as reported by the haptic device (blue line) as well

as the insertion depth of the trocar in cm (dotted red line) during the training runs and the crisis scenario.

Participant #4 and #6 sequences are shown on top and bottom respectively.

Fig. 35: Drawing of the transpedicular approach and DRRs from different viewpoints and two surgeons’ trocar

insertions versus ground truth trajectories. Transpedicular approach with a needle traversing the pedicle, from

[88] (top-left) and DRR for cranio-caudal view (top-right). AP (bottom-left) and LAT (bottom-right) viewpoints

as used in study. Upper row: arbitrary viewpoint (left) Deviation from ground-truth for participant #4 is 2.84

mm (RMSD), while for participant #6 is 8.87 mm (RMSD).

49



Surgeon non-technical (cognitive) workload Cognitive load was measured using the Surgery Task Load

Index (SURG-TLX) [145]: this surgery-specific, multi-dimensional workload measure enables subjective as-

sessments of load relevant to a specific task, distinguishes between different task complexities, and indicates

objective performance. The surgeons communicated their workload directly after study completion based on

five items: mental demand, physical demand, temporal demands, complexity, and situational stress). Surgeons

received the following instruction: ”Please rate your average workload during the procedure you just completed”

on a scale range: 0 = very low. 20 = very high. All item responses are summed up to a score indicating overall

subjective workload during the task execution. Some measures below are reported as (mean ± standard devi-

ation).

Results for research question (1): Association between mental workload and surgical performance during intra-

operative crisis?

• Mental workload during intra-operative crisis: 44.89 (CI 36.65 − 53.13).

• Deviation from gold standard: 5.79 ± 2.21 mm (Range 2.13 − 8.87).

• Partial correlation analyses (controlled for professional tenure): The association between inaccuracy

and mental workload was r = 0.52, p = 0.049 (df = 13).

Results for research question (2): Difference between mental workload during the training runs and intra-

operative crisis?

• Mental workload during training runs (reported after training runs): 35.64 ± 13.11.

• Mental workload during crisis (reported after intra-operative crisis): 44.63 ± 17.28.

• Test for mean difference (t-test for paired samples): T = −3.81 (df = 18), p < 0.01.

Results for research question (3): Subjective reports in regard to experienced level of distraction during the

crisis, i.e. difference between the two crisis scenarios (telephone call vs. patient discomfort)?

• Outcome: Perceived interruptions during the crisis (item 6 of SURG-TLX index)

• Group - phone call (n = 8) : 8.83 ± 5.21.

• Group - patient discomfort (n = 8) : 4.83 ± 2.18.

• Test for mean difference (t-test for independent samples): T = 2.13 (df = 17), p < 0.05.

Face validity and training value Face validity: In Table 4.2, results are reported as mean and variance.

The training phase was scored as 4.41 ± 0.41; the crisis simulation was scored as 4.22 ± 0.67; the phone call

crisis was scored as 4.38 ± 0.55; and the patient discomfort crisis was scored as 4.16 ± 0.37.

Training value: In Table 4.3, the overall training value of the simulation environment was given a score of

4.68 ± 0.48.

4.4. Discussion

Hierarchal Task Analysis There are three main concurrent sub-tasks involved in a formal vertebroplasty

procedure: targeting, controlling the view-point, and maintaining the patient safety. The viewpoint control

involves applying short bursts of X-ray to view the trocar and anatomical structures. Maintaining patient

safety is a competing but over-arching task which requires minimizing the amount of X-ray radiation. In our

case study, in addition to these sub-tasks, there are emergent interruptions that also compete for the attention

of the operator. As a general principle of multi-task performance analysis, when faced with an interruption,

subjects may perform poorly if the interruption provides no useful information, consuming cognitive resources

needed to perform the task. Such irrelevant distractions impose a type of cognitive burden known as extraneous

load, which is associated with unnecessary information and should be reduced or eliminated. Failure to do so
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Face validity (1=not

realistic, to 5=very

realistic)

Statement Average score

Training Phase How realistic is the visualization of fluoroscopy? 4.41 (0.32)

How realistic is the haptic feedback (difference: Bone vs. tissue)? 3.83 (0.76)

Is the visual representation of the surgical trajectory helpful to

get familiar with the simulation environment?

4.78 (0.19)

Is the visual representation of the surgical trajectory helpful to

get familiar with the surgical workflow step?

4.62 (0.35)

Crisis simulation How realistic is the simulation environment? 4.33 (0.44)

Would you act the same way in real life? 3.83 (1.21)

How realistic were the medical instruments? 4.47 (0.48)

How realistic was the instrument movement? 3.85 (0.86)

How realistic was the instrument functioning? 4.28 (0.63)

How realistic is the fluoroscopy simulation (foot pedal)? 4.58 (0.43)

Crisis I How realistic was the scenario phone call? 4.38 (0.55)

Crisis II How realistic is the scenario ”patient in pain”? 4.01 (0.25)

How realistic was the communication with the anesthetist? 4.31 (0.48)

Table 4.2: Feedback of the 19 study participants on face validity; The mean values of the statements scored on

5-point Likert scales; The values in parentheses are the (variance).

Training value of

simulation

(1=strongly disagree,

to 5=strongly agree)

Statement Average score

Is the simulation environment suitable for OR team training? 4.82 (0.25)

Does the medical training environment represent a real OR? 4.46 (0.69)

The simulation environment is suitable for education and

training?

4.77 (0.51)

Table 4.3: Feedback of the 19 study participants on training value; The mean values of the statements scored

on 5-point Likert scales; The values in parentheses are the (variance).

may lead to cognitive overload, which in turn, severely disturbs the efficiency and effectiveness of information

transfer [131]. In this study, this phenomenon was verified empirically, as our data shows that introducing

interruptions significantly increased the task completion time. Although not significant, surgeons tended to

perform less accurately when faced with interruptions.

Secondly, performing a targeting task requires navigating the trocar to the target while depressing the X-ray

button for the time required receiving more accurate visual information about the relative position of the tool

and the target. While obtaining visual-spatial information is necessary to succeed in the navigation task, it is

nevertheless subjective as some junior surgeons have developed higher skills of perception and spatial reasoning

than others during their training. Hence, some may need to obtain more X-ray images to attain the same level

of perceptual accuracy or to form a spatial representation of the perceptual-motor task space than others. This

is manifested in the form of large standard deviations across subjects as illustrated in Table 4.1.

Thirdly, increasing the number of X-ray images may, on one hand, improve the navigation performance, while on

the other hand, compromise the safety of the patient and of the surgical team. Novice users tended to apply more

x-ray dose, in order to maintain the same perceptual-motor accuracy, in the ’interruption’ conditions. Apart

from training the surgeons targeting skill which includes the appropriate placement of the image intensifier,
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the positioning of personnel relative to the fluoroscope could be a training goal within the fully-immersive

simulation environment. It could be organized within an appropriate distance from radiation source, and

therefore adjunctively the occupational exposure could be reduced for all those involved in spine operations

[127] [97]. The ability to practice a unique skill, such as successfully performing an image-guided targeting

task without substantially compromising surgical team safety, is one of the key benefits of our fully-immersive

simulation environment. Further, a natural byproduct of our environment is its capacity to allow evaluation of

novel AR technologies [92] [17], visualization methods [144] [33], and pose estimation tools [103].

Cognitive workload The more workload the surgeons experienced, the poorer was the surgical performance.

Further, the intra-operative crisis imposed, significantly increased workload upon the participants compared to

training runs. Finally, there is preliminary support for the construct validity of the different crisis scenarios

and their inherent level of interruptiveness. As such, the group that was disturbed through the telephone call

perceived increased interruptiveness compared to the group with patient discomfort. However, this difference

is not significant (due to the small sample size) but tends to be meaningful.

4.5. Conclusion

We have designed and implemented a surgical simulation platform according to the requirements and technolog-

ical necessities for creating a low-cost, yet highly realistic VR surgical procedural simulator for multidisciplinary

medical training. Through a comprehensive study involving 19 junior surgeons, we assessed both technical and

non-technical skills in a realistic simulation environment, detailing our design methodology and outlining an

evaluation framework as in [31] that is sensitive to multiple sub-task performance criteria and the ability to

distinguish operating conditions.

4.6. Limitations

One of the major limitations is the small sample size, though the increased mental workload was evident based

on our results. In order to better investigate the impact of interruptions on patient safety and surgical accuracy

a larger sample size would be required. Another limitation was the lack of time of the study participants. Hence

the validation was focusing on one workflow step rather than the entire surgical workflow.
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5. Visuospatial Performance on C-Arm Image Guided Vertebroplasty: VR Surgical Simulator

Evaluation

This part of the thesis reports on the design and evaluation of a performance metric for a vertebroplasty VR

simulator. Based on a hierarchical task analysis of the procedure well-posed performance metrics for each phase

of the procedure were derived. A comprehensive study involving 14 surgical residents was conducted under

the direction of three osteosurgical experts with the aim to demonstrate a training advantage that accrues to

surgeons with higher spatial reasoning skills, in terms of their improved performance and rate of skill acquisition.

5.1. Introduction

Current surgical practice depends upon several factors that include visuospatial and technical ability. However,

while some surgeons believe that only resident trainees with appropriate levels of innate ability should be se-

lected for training [24], this policy is currently not in place; although accepted long ago within other professions

with similar visuospatial requirements (e.g. aviation flight training). Assessment of competency during surgical

training is also far less rigorous than in aviation [90], and trainees might have to drop out of the surgical program

late in their training if they are not able to perform. Today’s surgical apprenticeships allow senior surgeons to

assess trainees and observe their skillsets informally, however, the availability of proven, reproducible techniques

to assess individual surgical aptitude reliably remain limited. Key parameters such as technical and visuospatial

ability may improve the selection process of resident trainees which might avoid allowing individuals to proceed

to higher training without basic skills competency.

Psychometric research into individual differences has enabled a differentiation between several cognitive abili-

ties, and to arrange those in hierarchical models of general to specific cognitive abilities [16]. The top tier is

represented by a single factor - general intelligence. It is defined as the shared factor loadings of a number of

second tier factors such as reasoning ability, visuospatial ability, and memory. Of these, visuospatial ability

refers to the human cognitive ability to form, retrieve, and manipulate mental models of a visual and spatial

nature [81]. Visuospatial ability has been successfully linked to a variety of surgical and medical skills [57].

Two key reasons make visuospatial ability interesting over other cognitive abilities. First, contrary to other cog-

nitive ability factors, visuospatial ability has not been selected as an assessment metric during today’s academic

phase of the medical curriculum. As such, it may largely account for differences in performance in surgeries

with a spatial emphasis [85]. Second, whereas general cognitive ability is especially important during early

medical learning, visuospatial ability remains important throughout training, due to task specific aspects of the

majority of surgeries [68].

John Carroll identifies five third-tier factors that together form visuospatial ability [16]. These are Visualiza-

tion, Spatial relations, Speed of closure, Flexibility of closure, and Perceptual speed. Below, these factors are

discussed in light of surgical training, leading to an outline of the current work. Visualization is the ability

to manipulate complex mental representations of a visuospatial nature. Mental manipulations required in vi-

sualization tests can be quite elaborate, and require reasoning about the rotation of complex spatial shapes,

perspective taking, or others. Spatial relations indicate the ability to quickly manipulate simple mental rep-

resentations of a visuospatial nature. Tests for spatial relations generally correlate positively with surgical

simulator performance [113]. Speed of closure is defined as the ability to identify partly obscured spatial forms.

Tests for speed of closure are used in [112] [140] which determined significant correlation of task-on-time on

simulator dexterity drills. Flexibility of closure indicates the ability to identify spatial forms that are specified to

the learner in advance in a cluttered visual environment. Tests in [128] for this factor show positive correlations

with surgical performance in some research. Perceptual speed of recall is the ability to quickly identify a given

shape from a number of alternatives, which can be implicated as a factor in performance [85].

In orthopedic and trauma surgery, mobile C-arm fluoroscopes are used frequently to assess the complexity

of fractures, guide the surgical procedure, and verify the results of surgical repair. Interestingly, according

to the Surgical Skills Task Force of the American Board of Orthopaedic Surgery (ABOS), in collaboration
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with the American Academy of Orthopaedic Surgeons (AAOS), resident surgeons do not have any experience

and skillset with C-arm imaging when they begin residency program. They are acquired at different rates

by different learners. Many of the skills are not intuitive and/or are not incorporated into previous training

prior to entering residency. Even more critical is the capacity for the resident trainee to perform 3D spatial

recognition from 2D images, which is termed ”mental mapping”, which becomes the focal point of any successful

surgeon. The use of computer-based simulation seems to be an especially important factor in the success of

X-ray imaging training efforts [13], yet no objective metrics for surgical performance level assessment for X-

ray imaging has been disseminated yet. A preliminary study with 14 surgical residents was conducted on a

vertebroplasty simulator. The participants ran through a study protocol and their performance was recorded

with objective metrics in both the spatial reasoning test (time, accuracy) and the surgical simulation (duration

of x-ray exposure, C-arm movement and instrument handling). The results corroborate that we were able to

quantify the training advantage that accrues to residents with higher visuospatial reasoning skills, in terms of

their improved performance and rate of skill acquisition.

5.2. Methods

5.2.1. Medical procedure and surgical tasks

A vertebroplasty is performed, for patients with vertebral fractures, in the following general steps, which have

mostly been reproduced with our simulator. The patient is placed on a radiology table in a prone position, and

the back is exposed. Fluoroscopy with the C-arm is used to verify the level, and then adjusted to obtain the

best view in an anterior-posterior (AP) position, and identify the pedicles. The skin is then incised, which was

also simulated. Then a trocar is inserted aiming for the lateral aspect of the pedicle, and then advanced within

the pedicle towards the center of the vertebral body (see Fig. 36. The C-arm needs to be adjusted from an

AP position to a lateral view to see if the trocar is still in the pedicle or has reached the vertebral body. The

AP view is needed to advance the trocar in the pedicle, while the lateral view is necessary once the needle has

reached the vertebral body to target the middle of the vertebra, or slightly anteriorly. The injection of cement

for vertebroplasty can then be safely performed.

Fig. 36: Vertebroplasty procedure. Using C-arm fluoroscopy, surgeons navigate a trocar inside the vertebral

cavity to inject cement in an effort to stabilize the fracture.

5.2.2. Technical components

A simulator platform (see Fig. 37) was used in which real surgical instruments were integrated as in [147].

Onto a haptic device (Novint Falcon, Novint Technologies Inc.) a haptic end-effector is attached to enable the
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usage of different surgical instruments. These can then be tracked in 3D and their orientation is calculated by

using a fixed entry on a surgical suture pad, which mimics the patient’s back.

Fig. 37: (Left) Our stand-alone VR simulator with C-arm control and haptic feedback. (Right) Our simulator

in a controlled medical simulation setting at the Institut für Notfallmedizin und Medizinmanagement, Munich,

Germany.

Surgical instruments To set the fixed entry point on the skin pad as a first workflow step, a custom made

instrument was designed together with medical experts. After having this instrument positioned the subject

needs to step on a pedal to give feedback that the entry point was chosen. In the second surgical workflow step

the subject attaches a trocar to the haptic end-effector to insert it into the vertebral body.

Visualization A monitor shows a virtual mobile C-arm, two numbers, the orbital and the angular angle,

X-ray imaging and a radiation symbol, when an X-ray shot is triggered. The X-ray imaging is simulated using

a digitally-reconstructed radiograph (DRR) from CT data [147]. It is computed on a graphics processing unit

(GPU) and the instrument model is rendered into the generated image. For acquiring an updated X-ray image

the subject needs to step on a tagged foot pedal.

Haptics The development of the haptic feedback is as [147]. However, we improved the author’s concept by

the addition of a haptic interaction between the instrument and the cancellous bone inside of the vertebrae

(see Fig. 38). The simulation of this interaction is realized using the notion of haptic primitives [83]. A plane

primitive is located at the proxy position, the internal representation of the instrument tip. The orientation of

the primitive is set according to the actual instrument trajectory, defined by the instrument tip, as measured by

the haptic device, and the pivot point. The strength of the primitive is controlled by the volume intensity at the

visualized instrument’s tip (insertion depth corresponding to proxy position in direction of the fixed instrument

trajectory) via a transfer function, and the insertion depth, i.e. the distance between bone entry and instrument

tip. Furthermore, we altered the parameters used according to feedback from two medical doctors: a) we set

the spring constant of the Magnetic Geometry Effect corresponding to insertion depth, i.e. k = 100 at 15 mm,

k = 200 at 20 mm and k = 300 at 25 mm, and after bone penetration to k = 1200, b) we reduced the stiffness

of the Frictional Surface to k = 9N/mm to improve the stability of the haptic feedback, and c) accordingly

reduced the force threshold deactivating the Frictional Surface, leading to a fall-through of the instrument into

the bone, to 20 N.
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Fig. 38: Depiction of the haptic feedback and primitives.

C-arm control The virtual mobile C-arm and the corresponding perspective of the X-ray visualization are

controlled in two angles (orbital, angular) and translation along the superior-inferior axis, with three hardware

sliders. Further, the X-ray visualization can be aligned horizontally or vertically by pressing a switch. In order

to denote the end of a scenario in the log file, i.e. once the placement of the trocar inside of the vertebral body,

a switch is pressed. Fluoroscopy event timestamps are also logged.

5.3. Protocol

Infrastructure The Klinik für Allgemeine, Unfall-, Hand- und Plastische Chirurgie provided the necessary

infrastructure for conducting the validation studies. Two rooms were used. One room was equipped with three

personal computers for performing the spatial reasoning and the Santa Barbara evaluations. In the second room

three VR surgical simulators were available for conducting the vertebroplasty procedure. During the study the

simulation sessions were recorded with video cameras. Thus, log files and video streams for the validation

studies could be gathered for offline viewing and interpretation.

Equipment Each simulator enveloped with surgical drapes was spatially separated by walls and was placed

on a table. On the right hand side a monitor was showing fluoroscopic imaging, a 3D model of a patient and

mobile C-arm. Further on two numbers were displayed to show the angles the surgeon could adjust with a C-

arm hardware controller in order to get an appropriate view of the operating site. To acquire a new fluoroscopic

image the surgeon had to step on a pedal.

Workflow The traditional workflow consists of (i) entry point definition on patient skin, (ii) navigation of

the trocar inside vertebrae, and (iii) cement injection. For the purpose of this user study, we focused on phase

(i) and (ii) of the workflow.

Subjects N = 14 surgical residents, N = 9 male (64.2%); Procedure specific experience: 7 subjects observed

vertebroplasties (≤ 50). 5 surgeons performed a vertebroplasty (≤ 25). 3 subjects did not have any experience.
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The study participants were divided into 2 groups. Each group got a briefing before working on the VR surgical

simulator.

Briefing The senior surgeon overseeing the study explained the vertebroplasty procedure and workflow to

the 14 subjects on the VR surgical procedural simulator. The duration of the briefing was 10 minutes. Study

Protocol: At the beginning of each scenario the subject was asked for their participation number to be able to

log the data of each simulation and further on to identify the subject in the video. They were informed about

the study protocol and were made familiar with the simulation environment. The simulator study consisted of

5 scenarios of varying difficulty levels. These were defined by three expert surgeons.

• Scenario 1: During the first scenario subjects could get familiar with the entry point marking tool, the

trocar and the medical imaging. For all the subjects the same data set (difficulty level - easy) was used.

• Scenario 2-5: In those scenarios the subjects had to go through the workflow steps i and ii on 4

randomly chosen data sets of varying difficulty levels (Dataset 2 - hard (but the axial cut does not show

the pedicles too well); Dataset 3 - easy; Dataset 4 - moderate (but the axial cut does not show the

pedicles too well); Dataset 5 - moderate). After each scenario the subject’s performance was reviewed

by an expert surgeon to give the subject direct feedback. This feedback was given to the subject based

on a ’control view’ consisting of a transversal rendering of the vertebral body and the inserted trocar.

Evaluation The approach taken for our first main analysis was to establish a ranking of the subjects on a

non-clinical visuospatial reasoning task. And in addition, to rank them on a visuospatial reasoning task testing

their abilities to reason about volumes and orthogonal 2D views (using Shepard and Metzler blocks matching

task, and the Santa Barbara (SB) Visuospatial Test questionnaire [19]). The Santa Barbara test consisted of

determining the shape of the cross section of intersecting 3D objects. This test was shown to verify different

visuospatial abilities than the mental rotation test. Their performance was assessed in terms of speed and

accuracy.

We then analyzed the trajectories of the needle tip within the context of the 2D views taken from the perspective

of the C-arm, for each clinical dataset. The data sets are rich with trajectory information, and so our first main

investigation was to consider the subjects’ ability to target positions in 3D. We examine the speed and accuracy

of their trajectories to target clinical sites, and examine the improvements over each trial as a function of their

spatial abilities and their clinical expertise.

Finally, we examined their control of the C-arm and the use of X-ray to acquire views to enable the navigation

and targeting. Our hypothesis was that participants with higher spatial reasoning abilities would require lower

X-ray dose to achieve performance in the navigation and targeting of the clinical workspace and vertebral

targets. In addition, over the course of the training sessions, subjects with lesser experience on the procedure

would show the largest improvement in optimizing this trade-off, as compared with participants who had already

established these visuospatial skills in the context of the overarching clinical tasks and the low-level visual-motor

subtasks.

5.4. Results

When analyzing the whole group (14 surgical residents), the overall amount of X-ray used decreased with

training (83 ms to 52 ms), independently of the difficulty of the scenario. The overall time for the whole

procedure also decreased for all participants, however, that measure was more variable, and influenced by the

difficulty of the scenario. There is however a trend for all participants to perform faster in the last trials than

at the beginning. There was a negative correlation between overall amount of X-ray used across procedure and

the participant’s performance score for the Santa Barbara Test (speed*accuracy): −0.45; while there was a

negative correlation between the average duration of each trial and the participant’s performance score of the

Santa Barbara Test: −0.65. The same results were obtained when analyzing the mental rotation test with the

subjects performing poorly on the simulator having poor visuospatial performance (i.e. participants 5 and 7
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were poor in visuospatial ability and were slow and used lots of X-rays, whereas participant 14 and 17 had good

visuospatial scores; and were fast and minimized the use of X-rays).

ID hit time reject time hit miss FALSE reject F1 acc

1 6118.4 7073.5 13 0 0 14 1.00 1.00

12 15082.2 18932.2 13 0 0 14 1.00 1.00

16 16647.4 21754.6 13 0 0 14 1.00 1.00

7 9716.9 9145.7 13 0 1 13 0.96 0.96

6 5919.1 7683.4 12 1 0 14 0.96 0.96

18 5439.7 6263.7 11 2 1 13 0.88 0.89

17 8073.2 8163.0 13 0 4 10 0.87 0.85

3 5480.3 4548.8 12 1 3 11 0.86 0.85

8 7365.5 9984.2 11 2 2 12 0.85 0.85

4 9899.9 10699.0 10 3 1 13 0.83 0.85

5 5713.5 5568.0 13 0 7 7 0.79 0.74

14 2170.6 2517.0 9 4 2 12 0.75 0.78

9 3613.9 5408.3 8 5 2 12 0.70 0.74

2 5334.8 3104.2 8 5 3 11 0.67 0.70

Table 5.1: Standard Contingency Table Analysis of Participant visuospatial abilities on Shepard and Metzler

3D blocks matching task, sorted by their F1 scores.

From Table 5.1, we can clarify the quantitative results by including a few descriptive observations. Subjects

12 and 16 are ”very slow and very accurate” on both the Blocks test and SB test. Subjects 1, 6, 7, 17, 18 are

”faster with good accuracy” on Blocks reasoning, but only subject 18 scored well on SB. The other four were

poor on SB. Subject 3 is reasonably fast with reasonable accuracy on both tests of spatial reasoning. Subject

14 is very fast with poor accuracy (perhaps guessing often) while being the best on SB. Subject 5 is not so

fast, and poor accuracy (lowest performer). These data will support the following main comparisons: to test

the correlation between visuospatial ability, speed and accuracy for subjects 1, 3, 7, 16 to perform their final

targeting phase in the first and last scenario in their simulator training.

When we examine the participant performance on the navigation phase on the simulator, and compare to

their visuospatial reasoning abilities, we confirm the correlation between visuospatial reasoning abilities and the

performance in the first trials on the simulator. The participants with higher visuospatial reasoning abilities

perform better on the first trials run on the simulator. This is demonstrated most clearly by considering the

cases in which the randomized presentation of data sets was presented as the common first trial. In other words,

for the subjects who were tested on dataset ’study12’ as their first trial after the practice run, the navigation

phases of the trajectories can be isolated. In Fig. 39 we observe the (x,y,z) trajectories over time. The speed

and accuracy of these targeting phases are summarized in Table 5.2.

Navigation time

(sec)

Navigation error

(mm)

Spatial task accuracy Spatial task time

hit:miss

Participant 1 104 2.49 100 6.1:7.1

Participant 3 172 5.35 85 5.5:6.3

Participant 7 182 9.68 96 9.7:9.1

Participant 16 243 8.64 100 16.6:21.7

Table 5.2: Speed and accuracy of a representative block: the four participants whose randomized trials involved

presentation of dataset ’study12’ as their first scenario viewed after the common initial practice trial.
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Participant 1 has the highest accuracy on the simulator, and the highest accuracy in the spatial reasoning tasks,

and is the fastest on the vertebroplasty navigation while fast in spatial reasoning.

Fig. 39: Distance from Target versus time in seconds in navigation phase for subjects 1, 3, 7, 16 while running

study 12 dataset as their first trial after practice session.

Speed and accuracy of a representative block: the four participants whose randomized trials involved presen-

tation of dataset 12 as their first scenario viewed after the common initial practice trial. Participant 16 is the

slowest on the vertebroplasty navigation phase and slowest in spatial reasoning tasks, with highest accuracy

in spatial reasoning and median simulator accuracy. Participant 3 is more accurate than participant 7 while

performing vertebroplasty navigation at the same speed, while participant 3 is less accurate than participant

7 while performing spatial reasoning at a faster speed. These two subjects have chosen ’conservative’ versus

’liberal’ response strategies at different operating points on the clinical task simulator as compared to the non-

clinical task. After using the simulator for 4 training sessions, the final scenarios exhibit responses from each

of the trainees that have improved in performance for both speed and accuracy of the navigation and targeting

phases. Two plots from typical subjects P1 (see Fig. 40a) and P7 (see Fig. 40b) are included here to illustrate

the decrease in time and convergence to the target. Fig. 40 shows improved performance after four training

scenarios.

(a) Fifth trial of subject P1 exhibits improved speed and
accuracy.

(b) Fifth trial of subject P7 exhibits improved speed and
accuracy.

Fig. 40: Convergence to target within a 10 second time window is illustrated in plots.

5.5. Conclusion

The vertebroplasty simulator provides capabilities and functionality to allow subjects to practice realistic sce-

narios, but from an evaluative perspective, the simulator allows each interaction to be logged – and thereby

we may analyse these correlations between pre-test aptitudes, abilities, and skill level, and correlate with per-

formance across learning trials in the clinical domain. Our correlations provide strong evidence of criterion

validity for the metrics derived from the simulator and logfiles. We were able to quantify the training advantage

that accrues to residents with higher visuospatial reasoning skills, in terms of their improved performance and
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rate of skill acquisition, as well as to quantify the performance improvements incrementally with each set of

simulator scenario blocks.

5.6. Limitations

During the study technical issues occured therefore a restart of the scenarios was sometimes necessary. Further

the sample size of the study is small. Additionally a few participants received comments of experts or colleagues

who were passing by the simulation stations hence they got distracted.
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6. Summary

A new era of surgical education has begun. Today medical education is facing the challenge of objectively

assessing competence of technical, non-technical skills and knowledge for ensuring high surgical competence

and providing high patienty safety. Hence the integration of simulation techniques is progressing and the need

for validated assessment and training methods is increasing with the aim to standardize the medical education.

The main drivers for this disruptive change are the (i) ethical concerns about the learning of a surgical craft

on patients, the (ii) working hour restrictions, (iii) increased application of minimal-invasive techniques with

a steep learning curve, (iv) a significant increase in aging population worldwide, and (v) financial constraints.

The training paradigm ”proficiency-based progression” proposed by Gallagher et al. in 2012 addresses these

circumstances and claims a paradigm shift in surgical education from the traditional surgical curriculum towards

a supportive training of surgical skills. First technical skills namely the craftsmanship e.g. usage of instruments,

procedural knowledge e.g. workflow and cognitive skills e.g. interpreting medical imaging are the learning

goals. These are acquired during practice on a variety of simulation models ranging from bench-top models

e.g. suture pads, VR emulators/simulators, full-scale VR simulators, human cadavers to living animals e.g.

pigs. Surgical skills are of a twofold nature. Apart from the technical and procedural skills it is a fact that

failures in non-technical skill are often root causes for harm and near-misses in the operating room. E.g.

communication and decision making should be learning objectives as they are essential for effective and efficient

team work in the OR. Thus novel approaches for multidisciplinary team training are key to ensure surgical

excellence successfully. Full-scale simulated environments for training seem to perfectly bridge the gap between

the necessary skill acquisition of technical and non-technical skill forming future surgeons and therefore enable

surgical excellence. In this thesis a simulated full-scale immersive OR theatre is proposed and investigated for

conducting assessment and training of surgical skills within a multi-disciplinary fully controlled environment. To

this end, a surgical VR simulator is developed and validated for team training and a first assessment framework

for measuring technical and non-technical performance was applied with appropriate bench marks and criteria

for competency based performance assessment.

Chaper 3 We introduced a novel mixed reality simulation environment consisting of a computerized man-

nequin coupled with a surgical VR simulator in a realistic setting. Key aspects were investigated and expert

recommendations were considered while designing a surgical training environment such as task and crisis analy-

sis of the surgical workflow and simulation realism. Real surgical instruments that are augmented with realistic

haptic feedback and VR capabilities, (ii) human sensory channels such as tactile, auditory and visual in real-

time, and (iii) the ability to facilitate deliberate exposure to adverse events enabling mediation of error recovery

strategies were integrated in the simulation environment. Surgeons were immersed in the medical simulation

environment through task and crisis scenarios of a typical vertebroplasty workflow. In the user study the face

validity of the simulation environment was confirmed by investigating surgeon behavior and workflow response.

The result of the conducted user-study corroborated the unique medical simulation concept of combining VR

and human multisensory responses into surgical workflow.

Chapter 4 We proposed a first step towards a robust assessment framework. A unique simulator-based

methodology was presented for assessing both technical and non-technical (cognitive) skills for surgical trainees

while immersed in a complete medical simulation environment. Further, two crisis scenarios were included which

allowed for the evaluation of the effect of cognitive strategy selection on the low-level surgical skills. Training

these mixed-mode scenarios can thereby be evaluated on the platform, allowing for improved assessment and

a stronger foundation for credentialing, with the potential to reduce the occurrence of adverse events in the

OR. Scientific evaluation and validation of the work was conducted together with 19 junior surgeons in order

to achieve the following goals: (i) to provide a qualitative measure of usability, (ii) to assess vertebroplasty

technical performance of the surgeon, and (iii) to explore the relationship between mental workload and surgical

performance during crisis. The results indicated that: (i) the surgeons scored the face validity of our modeled

simulation environment very highly, (ii) surgeon training enabled completion of tasks more quickly, and (iii)
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the introduction of crisis scenarios negatively affected the surgeons’ objective performance. Taken together,

the results underscored the need to develop realistic simulation environments that prepare young residents to

respond to emergent events in the operating room.

Chapter 5 The visuospatial reasoning of surgeons was assessed using the virtual reality surgical simulator

component of the multidisciplinary team training environment. The users performed a vertebroplasty proce-

dure under simulated X-ray control while manipulating the simulated mobile C-arm, making use of a simulated

needle that is tracked using a Novint Falcon haptic device. A hierarchical task analysis of the procedure was

performed and thereby well-posed metrics of performance for each phase of the procedure could be formulated.

A comprehensive study involving 14 surgical residents was conducted under the direction of three osteosurgical

experts. The speed and accuracy for each phase of the procedure was established and the tradeoff faced by each

trainee in terms of the dual competing task they faced, which was to minimize the amount of X-ray dose, was

analyzed. Lastly, the training advantage that accrues to surgeons with higher spatial reasoning skills, in terms

of their improved performance and rate of skill acquisition was quantified.

Overall, the outcome of this thesis can be summarized as follows:

• For the first time a VR surgical procedural simulator and computerized mannequin are fully integrated

and function as one simulation setup. It provides a novel setup for medical assessment and training.

• A surgical simulator reflecting complete workflows of surgical procedures, including intra-operative

crisis scenarios which potentially result in adverse events with the capability to deliberately expose the

trainee to realistic adverse events.

• First step towards a robust assessment framework consisting of objective performance metrics for the

assessments of surgeons’ and surgical team’s technical and non-technical skills during simulation-based

training that enhance impact on the acquisition, application, and retention of teamwork skills in health-

care.

• Extension of the PBP curriculum for surgical education.

The first steps have been made to create an assessment construct for surgical skill consisting of the measurement

of technical and non-technical performance within a simulated OR theatre. Those findings will enable other

national/international research and simulation centers to develop more sophisticated training environments and

the hope exists that this work will trigger a new generation of simulators which will eventually improve medical

education of multidisciplinary teams and hence improve patient safety and raise the quality of patient care.

”The potential of team training is only starting to be realized and its cooperation into surgical training is sure

to grow as evidence and reliability and validity of the training and assessment of CRM are further established.”

[27]
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6.1. Future work

6.1.1. Technical development

The next steps for improving the technical setup are (i) a real-time CT simulation with CT-typical streak

artifacts, (ii) the development of realistic computational models for instrument-tissue interaction, (iii) the de-

velopment of a control interface for procedure and scenario management and (iv) the integration of instruments

e.g. automatic detection. During this development it is necessary (i) to avoid provoking ”a false sense of

security” due to oversimplification, (ii) the isolated learning of technical skills [14] and (iii) to provide direct

feedback about procedural errors to the surgical trainee since it is key for successful training. E.g. the trainee

can touch critical structures without proximate formative feedback resulting in an ”unwarranted self-belief in

their skills” [46].

6.1.2. Research studies

Future studies should involve investigating the entire surgical workflow, conducting longitudinal training for

both technical and non-technical skills - individually and combined, and studying the construct validity of the

VR simulator. It should be able to distinguish whether a novice or an expert is performing the procedure based

on a performance metric. Furthermore serial tests of lab and clinical performance should be performed with the

aim to reveal cause-effect relationships between technical and non-technical parameters though keeping in mind

that no single parameter measured can by itself demonstrate proficiency. Then a custom-made curriculum can

be designed which addresses the individual grades of surgical expertise according to the Dreyfuss model (see

Fig. 20 and Table 2.7).

Moreover studies should consist in multicenter trials with standardised approaches and with sufficient partici-

pants. The skills being evaluated should be part of a standard surgical skills training course, not just stand-alone

technical skills. Additionally, once efficacy has been determined cost-benefit analyses could be attempted. [130].

Finally in order to form a more robust and reliable assessment construct in the next studies existing assessment

methods should be comprised to measure team performance. In particular, further investigations should be

conducted on the non-technical assessment methods [62]. In Chapter 4 the SURG-TLX was used for showing

the impact of surgical load on surgical performance. Other assessment methods exist and could be used and

even validated in the simulated OR theatre such as e.g. the NOn-Technical Skills for Surgeons (NOTSS).

NOn-Technical Skills for Surgeons (NOTSS) The NOn-Technical Skills for Surgeons (NOTSS) was

developed by Yule et al. using several methods of task analysis with consultant surgeons [150]. Yule et al.

revised it in 2008 and removed the tasks managment category from the initial five categories of the non-

technical skill set: Situation Awareness, Decision Making, Communication and Teamwork, and Leadership (see

Table 6.1). With subject matter experts the content validity of the NOTSS system was derived.
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Category Element

Situation Awareness Gathering information

Understanding information

Projecting and anticipating future state

Decision Making Considering options

Selecting and communicating option

Implementing and reviewing decisions

Communication and Teamwork Exchanging information

Establishing a shared understanding

Co-ordinating team

Leadership Setting and maintaining standards

Supporting others

Coping with pressure

Table 6.1: NOn-Technical Skills for Surgeons (NOTSS) skills taxonomy v1.2 by Yule in 2008

Further assessment methods which could be applied and tested are the observational Teamwork Assessment for

Surgery (OTAS) [142], the Anesthetists’ Non-Technical Skills (ANTS) [151], the Oxford Non-Technical Skills

(NOTECHS) [94], the Revised NOTECHS [11], the Line Operations Safety Audit Checklist (LOSA; selected ele-

ments) [95], the State Trait Anxiety Inventory (STAI) [142], the Imperial Stress Assessment Tool (ISAT) [6], the

SVF78 Stress-Coping Questionnaire [56], the Communication-based Objective Structured Clinical Examination

(OSCE) [76], the Utterance frequency [95] and the Behrenz Fatigue Questionnaire [66].

6.2. Open research questions

The purpose of the proposed simulated immersive OR theatre is to facilitate investigation of key research topics

recommended by the Association for Surgical Education (ASE) Simulation Committee [65].

• What are the best methods to assess technical and non-technical performance on simulators?

• What are the performance criteria that surgical trainees need to achieve to be competent/proficient

based on their training level?

• How do we train and assess teams effectively using simulation?

• How can we use simulation to teach and assess judgement and decision making in routine and crises

situations?

• Role in surgical safety?

• How many hours or number of procedures are required to train a surgeon? [9]

• Investigation of most effective and efficient ways (regarding nature and duration of training) in which

simulation-based training can be integrated into the surgical curriculum.

• Optimal stage of training at which trainees receive maximum skill transfer benefits from different forms

of simulation.

• Effect of mentoring intensity during the training period.

6.3. Outlook

The ultimate goals are (i) increasing patient saftey and (ii) improving patient outcome. With a validated

team-based training environment including appropriate performance metrics which are assessed with robust
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assessment methods and tools, a certification of the OR team members can be conducted which means nothing

less than the standardization of surgical competence. This is the basis for ensuring excellence in surgical

education. Moreover novel technology such as robots could be evaluated in the proposed fully controlled

environment. The challenge is the finding of factors which can be influenced positively in respect to quality of

patient outcome, safety and work load of medical personnel and economical factors. These have to be addressed

during the development of novel surgical techniques and OR technologies. Furthermore the introduction of all

kinds of innovations into the OR can then be accompanied with an appropriate training strategy/concept. In

future it is reasonable to establish a national/international society controlling the admission of simulators for

training ensuring standards of medical simulations to guarantee high quality training.

Overview of key opportunities using a simulated multidisciplinary team training environment

• Standardization of surgical competence.

• Quality control based on standardized surgical performance metrics measuring surgical competence.

• Selection in early career stages.

• Standards: Certification and retention of skills.

• Usability testing of medical devices before deployment in medical care units and processes.

6.3.1. Barriers for simulation-based training of surgeons

In the last century the training model consisted of teaching scientific principles and the knowledge transfer

during surgeries. In the past decade the topics evidence-based medicine, patient safety and practice efficiencies

became relevant within the society. These are tightly coupled with medical education [152]. Today medical

education needs to develop competence of cognitive, technical, non-technical skills and knowledge of the trainees

and furthermore to objectively assess their performance.

Simulation mimicking the real scenario provides a suitable environment for objective performance assessment

and for deliberate practice, which is the key for the acquisition and retention of skills. Simulation itself is not

a novel approach for deliberate practice in medicine since it has been in use in primitive forms for centuries.

Anatomical models were created long before advanced synthetic models or computers were available. With

these novel techniques including computer simulated virtual environments new ways of training are made pos-

sible however it takes time to understand, accept and integrate them. In particular three major reasons for

the slow advancement are mentioned by [117] ”skepticism, lack of communication, and the burden of proof”.

Moreover appropriate curricula incorporating simulation techniques for ensuring surgical excellence do not exist

and resources are missing in terms of qualified staff for education [153]. According to [98] ”Identifying qualified

faculty skilled in simulation use and debriefing is another significant barrier. This includes availability in terms

of protected time as well as those faculty trained to teach. This technology does not obviate the need for faculty

trained in solid educational principles and teaching techniques. In other words, simulators do not replace good

educators” [98]. Further, the expenses for running simulation centers comprise simulators ($6000-$250000),

equipment maintenance, space for educational labs, and personnel are high [98]. Another barrier mentioned by

[98] are faculty time constraints. Additionally validity and fidelity are still hindering a break through in inte-

gration into medical curricula [117]. Finally Cumin et al. highlighted in 2013 the key challenges of conducting

simulations for multidisciplinary team training. They mainly consist of (i) the recruitment of subjects with

various experience levels, (ii) model realism is highly dependent on training purpose and not well determined

yet and (iii) the financial costs of simulations.

Until now only a few studies were conducted to validate VR simulators [121] [26] [47] mainly comprising en-

doscopic and laparascopic procedures. The challenging part of the validation is that many factors have the

potential to influence the transfer of skills, including those relating to simulator design and functionality and

the way that it is used as a training device. Moreover, prelearning, the nature and type of formative and

summative feedback, and opportunities for reinforcement of learning have an impact. Consequently, the evi-

dence for skill transference reported in studies has to be taken with care according to [26]. Further [121] claims
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that ”validity research is hampered by a paucity of widely accepted definitions and measurement methods of

validity”. Additionally the results of these studies are based only on a (i) small number of participants mainly

surgical residents, normally the study was conducted within (ii) only one institution and the (iii) surgical pro-

cedure was low-risk (laparoscopic cholecystectomy) [47]. Most studies exhibit a drug trial-like design consisting

of randomization of subjects to VR training and control group. The randomization depended on the number

of conducted procedures to define the proficiency level for the seperation of studied subset groups. However

this approach is not being meaningful in terms of treatment quality since it can only serve as one single indi-

cator of proficiency out of many. Reviews of available reports on skills transfer from VR training to real-world

performance criticise the lack of accepted norms for control groups. Meaning that a required baseline does not

exist. For example a control group which had no training most probably performs differently than a control

group which had traditional training. As mentioned previously the proficiency level of subjects related to the

number of performed treatments is used as basis for the distinction into to study groups. Furthermore the

training conditions differ widely e.g. intensity and duration of mentoring given to participants [26]. Moreover

the different complexity levels of the assessed procedures prevent a valid comparison of the conducted studies.

Other key flaws mentioned are ”ill-defined parameters measured during the assessment” and ”usage of the tool

for training and in a later stage for performance assessment allowing the trainee to gain familiarity with the

testing procedure or device”. Finally [26] critized that ”assessors were not blinded to the training status of

participants and there may have been assessor bias.”

The next steps for decreasing the barriers in order to include simulation-based training into the medical cur-

riculum are the conduction of additional studies on training transfer of more procedures with robust metrics,

decrease of costs of simulation techniques, establishment of key opinion leaders in politics and clinics and finally

more money.

Studies like [47] illustrate the training transfer of VR simulators to real-world tasks for enhancing the real-

world performance are valuable. In two studies the transfer of training (ToT) and the training effectiveness

ratio (TER) with two subject groups, (a) 195 experienced surgeons (MIS > 50) and (b) 30 novices (MIS = 30)

was measured. In both studies the subjects were distributed to two groups, a VR training group (condition 1)

and a control group (condition 2). Both groups performed a laparoscopic task mimicking a real-world task on a

box-trainer at the end. In the first study with (a) the subset VR-trained group made significantly more correct

incisions. In study 2 with (b) the group trained on the VR simulator needed significantly less time and made

fewer errors on the real-world task. Then [121] recommended ”it would be helpful to those considering the use

of simulators in training programs if there were consensus on guidelines for validating surgical simulators and

the development of training programs.” Further multidisciplinary simulation centers can be created to reduce

the costs for the different disciplines by sharing the expenses [98]. Moreover solutions addressing the issues of

Cumin et al. 2013 could be the integration of key opinion leaders of the surgical discipline to draw attention to

the increased need for simulation-based training and to allow time for surgical trainees to practice. Arguments

for these leaders could be (i) a clear statement on benefits and relative cost of surgical simulation-based would

result from consistency in training and assessment methods across studies and secondly (ii) the return on in-

vestment: Money saved in patient care and legal proceedings vs. investment in surgical education. Finally [4]

requests: ”it is absolutely the time for physicians, hospital managers, policy makers, patients, and the public

alike to demand resources...” in order to get resources for creating and running medical curricula with simula-

tion techniques. Indicators for an increasing acceptence already exist since the acceptance of the use of novel

simulation techniques is growing [117].
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A List of abbreviations

ED Emergency department

GYN Gynecology

ICSAD Imperial College Surgical Assessment Device

ICU Intensive care unit

IPPI Integrated procedural performance instrument

MIS Minimal invasive surgery

MISTELS McGill Inanimate System for Training and Evaluation of Laparoscopic Skills

OB Obstetrics

OR Operating room

OSATS Objective Structured Assessment of Technical Skills

OSCE Objective structured clinical examination

OTAS Observational Teamwork Assessment for Surgery

PBP Proficiency-based progression

RCT Randomised controlled trial

SCIM Structured clinical instructional modules

VR Virtual reality
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B Glossary

Definitions are mainly adopted from [46] and [9].

Assessment Assessment can have different and multiple purposes, including determining a level of compe-

tence, aiding learning through constructive feedback, measuring progress over time or certifying competence.

Assessments can be categorised as for or of learning, although there is a continuum between these two poles.

Assessment for learning Is primarily aimed at aiding learning through constructive feedback that identifies

areas for development. Alternative terms are formative or low-stakes assessment. Lower reliability is acceptable

for individual assessments as they can and should be repeated frequently. This increases their reliability and

helps to document progress. Such assessments are ideally undertaken in the workplace.

Assessment of learning Is primarily aimed at determining a level of competence to permit progression of

training or certification. Such assessments are undertaken infrequently (e.g. examinations) and must have high

reliability as they often form the basis of pass/fail decisions. Alternative terms are summative or high-stakes

assessment.

Assessment system An assessment system (or assessment programme) is designed to ensure that trainees

learn the knowledge, skills, judgement and professional behaviours required by a training syllabus. The com-

bination of an assessment system and a syllabus are the key components that specifically address assessment

practice within a curriculum. Contemporary best practice favours assessment systems that are multifaceted

and assess an appropriate spectrum of a syllabus in a reliable way. This is done through a blueprint.

Certification The process by which governmental, non-governmental or professional organisations or other

statutory bodies grant recognition to a trainee who has met certain predetermined standards specified by the

organisation and who voluntarily seeks such recognition.

Competence A trainee’s ability to perform a particular activity to the required standard (i.e. that required

for patient safety), while being observed in the workplace or in a controlled representation of the workplace

(e.g. in simulation). Competence comes from experience combined with constructive feedback and reflective

practice (self-assessment/insight).

Competence is a prerequisite for satisfactory performance in real life, although many doctors progress to a higher

level of excellence during their career. A competent doctor may perform poorly for many reasons including

tiredness, stress, illness or a lack of resources. Competencies A set of abilities that includes knowledge, skills,

judgement and professional behaviours.

Construct A construct is an attribute, proficiency, ability or skill that exists in theory and has been observed

to exist in practice, such as ’surgical skill’. Constructs are vital within assessment theory as they provide the

underpinning framework for establishing assessment design and validity.

Curriculum A curriculum is a statement of the aims and intended learning outcomes of an educational pro-

gramme. It states the rationale, content, organisation, processes and methods of teaching, learning, assessment,

supervision and feedback. If appropriate, it will also stipulate the entry criteria and duration of the programme.

Formative assessment See Assessment of learning.

High-stakes assessment See Assessment of learning.

Learning outcomes The competencies to be acquired by the end of a period of training.

69



Low-stakes assessment See Assessment for learning.

Performance The application of competence in real life. In the case of medicine, it denotes what a trainee

actually does in his or her encounters with patients, their relatives and carers, colleagues, team members, other

members of staff, etc. Performance is not the same as knowing or being able to do everything. On the contrary,

it may well be about knowing what you do not or even cannot know - in other words, knowing your own

limitations.

Reliability Expresses a trust in the accuracy or provision of the correct results. In the case of assessments,

it is an expression of precision and discrimination. There are several important dimensions of reliability. These

include:

• Equivalence or alternate-form reliability is the degree to which alternate forms of the kind of assessment

produce congruent results.

• Homogeneity is the extent to which various items in an assessment legitimately link together to measure

a single characteristic.

• Inter-rater reliability refers to the extent to which different assessors give similar ratings for similar

performances.

• Intra-rater reliability is concerned with the extent to which a single assessor would give similar marks

for almost identical performance.

Skill The ability to perform a task to at least a competent level. A skill is best (most efficiently) gained

through regular practice (experience) combined with reflective practice (self assessment/ insight) and construc-

tive feedback.

Standards In medical education standards may be defined as ’a model design or formulation related to

different aspects of medical education and presented in such way to make possible assessment of graduates’

performance in compliance with generally accepted professional requirements’. Thus, a standard is both a goal

(what should be done) and a measure of progress towards that goal (how well it was done).

Summative assessment See Assessment of learning.

Trainee Any doctor participating in an educationally approved postgraduate medical training programme

(foundation or specialty).

Trainer A senior doctor who provides educational support for a more junior doctor (trainee). Trainers

include clinical and educational supervisors. All trainers require training in teaching and assessment methods,

including giving constructive feedback. Educational supervisors require additional training in appraisal and

career guidance.

Training The ongoing, workplace-based process by which experience is obtained, constructive feedback pro-

vided and key competencies achieved.
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C Appendix

C1. Overview of multidisciplinary team-based simulation approaches

The list was derived from [23] and [133] including in-situ and simulated OR environments excluding wet labs.

Year Group Author Country

1996 University of Basel Helmreich Switzerland

1998 University of Basel Sexton Switzerland

2004 Imperial College London Aggarwal UK

2005 Imperial College London Moorthy UK

2006 Imperial College London Moorthy UK

2007 Louisiana State University Paige USA

2007 Southern Health Simulation and Skills Centre Flanagan Australia

2007 Imperial College Undre UK

2008 Imperial College Koutantji UK

2008 Havard Medical School Powers USA

2008 Louisiana State University Kozmenko USA

2009 Louisiana State University Paige USA

2009 Oklahoma University Medical Center Forsythe USA

2010 Memorial University of Newfoundland O’Regan Canada

2011 Children’s Hospital of Boston Volk USA

2011 Havard Medical School Ziewacz USA

2012 University Hospital of Montreal Stevens USA

2012 St. Michael’s Hospital, Toronto Lee Canada

2012 University of Pennsylvania Acero USA

Table C1: Adapted from Cumin 2012 and Tan 2014 depicting all the studies which were conducted within the

timeframe 1996-2012. Excluded is the type of simulation ”wet laboratories”.
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C2. Technical skills assessment methods

In the following section the most common technical assessment methods are described.

Logbooks Logbooks have been used for a long time as tools for assessment of procedural skills. [134] mentions

that 52.3% of Canadian and 47.8% of American case or procedure logbooks are used as a form of assessment

in postgraduate programs. It was reported that logbooks were used at least two times more commonly than

simulation. Maybe this popularity is due, to the ease with which this form of assessment can be implemented.

Though, a logbook is a tool for monitoring the experience bandwidth and for documenting the trainee’s progress.

It does not ensure direct observation nor verifies the level of performance of the trainee [134].

MISTELS and ICSAD Assessment tools to measure proficiency in procedural skills have been created

relying on methods such as the McGill Inanimate System for Training and Evaluation of Laparoscopic Skills

(MISTELS) and the Imperial College Surgical Assessment Device (ICSAD) [21,22].

The MISTELS is designed to assess technical steps in laparoscopic surgery while the ICSAD has been specifically

used for hand motion analysis for performance of technical skills. Those are useful for highly technical procedural

skills, these tools address training and assessment of surgical skills.

OSCE Another potential tool for training and assessing residents in procedural skills is the objective struc-

tured clinical examination (OSCE). The OSCE has demonstrated validity and reliability in multiple settings

[23]. Using multiple stations in an OSCE format was the framework used for the development of the Objective

Structured Assessment of Procedural Skills (OSATS) [24,25].

OSATS The OSATS is used to assess technical skills through both a procedure-specific checklist and a global

rating scale of operative performance. Multiple studies have demonstrated high internal consistency and inter-

rater reliability of the OSATS in laboratory multi-station settings and in the operating room [26]. A similar

format was also shown to be useful for the assessment of minor surgical skills for clinical clerks and for family

medicine residents [27,28].

SCIM Structured clinical instructional modules (SCIM) were developed as teaching OSCEs to compensate for

difficulty in accessing relevant clinical experience and to provide opportunities to learn about clinical situations

that are infrequently encountered by trainees [29,30].

IPPI Additionally, the integrated procedural performance instrument (IPPI) was developed to assess a can-

didate’s ability to not only demonstrate the technical aspect of a procedural skill, but also the non-technical

aspects such as communication, collaboration and professionalism [31]. These stations are logistically more

complex and may require more time if included in a more traditional OSCE. Although OSCEs and IPPIs pro-

vide opportunities for training and assessment they are expensive and labour intensive. As this brief review of

the literature reveals, research has clearly established that laboratory-based simulation and OSCE frameworks

hold great promise as settings for the teaching and assessment of procedural skills. However, while consider-

able critical attention has focused on evaluating assessment tools, instructional modules, and different teaching

and assessment settings, a similar depth of inquiry has yet to delve into the experiences of the trainees who

actually face the challenge acquiring procedural skills. Indeed, when it comes to the teaching and assessment

of procedural skills, research has carefully examined the delivery side of the question, but has paid less heed to

the recipient side. Specifically, little is known about Medicine residents’ individual experiences of 1) learning

and acquiring procedural skills proficiency, 2) of practicing these techniques, or 3) of being assessed on their

proficiency.
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C3. Stakeholder of standardization and certification

The development and validation of assessment methods and their use are aiming at four different stakeholders

according to [9].

• For the trainee

– Provide feedback about strengths and weaknesses to guide future learning

– Foster habits of self-reflection and self-remediation

• For the curriculum

– Respond to lack of demonstrated competence (targeted training)

– Certify progression in training over time

– Certify achievement of curricular outcomes

– Foster curricular change

– Create curricular coherence

– Cross-validate other methods of assessment in the curriculum

– Establish standards of competence for trainees at different levels

• For the institution

– Discriminate among trainees for progresion in training or access to subspecialty training

– Guide a process of institutional self-reflection and self-remediation

– Develop shared educational values among a diverse community of educators

– Promote faculty development

– Provide data for educational research

• For the public

– Certify competence of doctors in training

– Identify unsafe or poorly performing doctors
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