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Summary 

Mastoidectomy is a complex surgical procedure that 
involves drilling of the temporal bone of the skull to 
gain access to the middle ear and surrounding 
structures. Hands-on training through traditional 
cadaver dissection is increasingly difficult to provide 
given the diminishing number of donated human 
temporal bones and the high number of trainees. 
Modern surgical education also requires evidence-
based approaches to skills training and competency 
assessment. Altogether, this has propelled the 
development of virtual reality (VR) simulation for 
surgical skills training including in temporal bone 
surgery. 

It is well-established that VR temporal bone 
surgical simulation is highly useful for the training of 
novices. However, the performance of trainees 
seems to plateau early and at an insufficient level 
under self-directed training conditions. We therefore 
need to better understand what elements make self-
directed simulation-based training work in order to 
design efficient training programs and create high-
quality learning experiences. In this thesis, different 
learning conditions based on contemporary medical 
educational frameworks were studied because what 
we do outside, inside and in-between simulation 
matters. 

The principle of mastery learning requires 
repeated practice until the level of proficiency. This 
motived us to develop a metrics-based performance 
assessment for automated assessment and to define 
pass/fail standards of proficiency using the expert 
performance framework. Nevertheless, the metrics-
based score failed to capture key indicators of a safe 
performance compared with the established but 
manual and time-consuming final-product 
assessment. Next, generalizability theory was used to 
explore the reliability of the established final-product 
assessment under different training conditions: 
Contextual variables such as simulation modality and 
fidelity considerably affected reliability, cautioning 
the use of established assessment tools under 
conditions and contexts different from their original 
setting without specific considerations on reliability. 

Distribution of practice over time is in the motor 
skills literature recognized to be superior to massed 

practice for skills acquisition and we have previously 
corroborated this for VR simulation training of 
temporal bone surgery. In this thesis, the effect of 
supplemental distributed VR simulation training on 
transfer of skills to the cadaveric dissection 
simulation training modality was therefore 
investigated: five training blocks of three simulated 
procedures improved subsequent cadaveric 
dissection performance by 25 %. 

Cadaveric dissection represents a more complex 
learning environment and learning task than the VR 
simulation condition and further we found that the 
learning conditions of cadaveric dissection induces a 
significantly higher cognitive load in trainees. 
According to cognitive load theory, a cognitive load 
that exceeds the capacity of the learner can 
negatively affect learning. Therefore, the effects of 
repeated practice on cognitive load were explored 
and in contrast to massed practice, distributed 
practice significantly reduced cognitive load. 

Altogether, these findings have the implication 
for the temporal bone surgical curriculum that 
training should be organized with structured and 
distributed VR simulation first to optimize the 
subsequent use of the limited and costly human 
temporal bones for dissection training after basic 
skills have been acquired. 

VR simulation training allows distributed and 
repeated practice at the individual trainee’s 
convenience but without instructor presence, other 
learning supports for feedback are needed to ensure 
a successful learning experience. The concept of 
directed, self-regulated learning emphasizes the 
importance of providing the learner with direction 
and guidance to support and scaffold training.  

Simulator-integrated tutoring by green-lighting is 
an innovative approach to dealing with this 
challenge. However, the use of simulator-integrated 
tutoring in VR temporal bone surgical simulation 
was previously found to lead to tutoring over-
reliance, causing a poor performance once tutoring 
was discontinued. Distributed practice was found to 
have a moderately protective effect against this 
phenomenon and we therefore hypothesized that 
intermittent simulator-integrated tutoring would be a 
better strategy. Consequently, the effect of 
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intermittent tutoring in a distributed training 
program was studied and it was found that tutoring 
increased performance while active, but resulted in 
an inferior performance in subsequent non-tutored 
sessions compared with a never-tutored reference 
cohort. This tutor over-reliance degrades motor skills 
learning and concurrent feedback through simulator-
integrated tutoring should be reconsidered. 

We next explored increasing fidelity of the VR 
simulation to better bridge the gap between 
simulation-based training and real-life conditions 
where an operating microscope is used to magnify 
the surgical field and to enable visualization of 
minute visual cues such as the vasculature of 
underlying anatomical structures. However, the 
improvement in resemblance and functional task 
alignment of introducing the eyepiece from a digital 
operating microscope did not benefit learners: 
compared with learners who were randomized for 
the conventional screen-based VR simulation 
condition, the learners in the “ultra-high fidelity” 
condition performed significantly poorer and their 
CL was higher. Consequently, improving 
instructional design and other learning supports 
should be considered over increasing realism of 
simulation. 

Finally, we used an automated pipeline for 
segmentation of clinical CBCT imaging of the 
temporal bone to create patient-specific VR 
simulation that can be used for surgical rehearsal and 
planning ahead of actual surgery. Clinicians rated the 
patient-specific simulation highly, found that it 
contributed to a better understanding of the patient’s 
anatomy, and perceived it to be of benefit to training 
of surgeons at both the resident and fellow level. 
Nonetheless, a major limitation was the quality of 
the clinical scans, which were often limited by field-
of-view and poor scan quality due to motion 
artefacts. 

Altogether, the work presented in this thesis 
provides insights into the outside, inside and in-
between conditions of VR simulation training in 
temporal bone surgery—with broader implications 
for simulation-based surgical skills training in 
general. The optimal VR simulation training program 
consists of structured and distributed practice, 
supporting directed, self-regulated learning. The role 

of addressing the cognitive process, motivating the 
trainee, and providing proper direction and feedback 
cannot be stressed enough. 

Future research directions include developing an 
adaptive training program that tailors feedback and 
case difficulty based on valid and reliable automated 
assessment, better integration into the clinical 
training curriculum, and advancing simulation for 
training beyond the novice level so it becomes a 
useful tool even for patient-specific rehearsal and 
surgical planning and navigation. 
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Resumé 

Mastoidektomi er en kompleks kirurgisk procedure 
der involverer udboring af kraniets tindingeben for 
at skabe adgang til mellemøret og omkringliggende 
strukturer. Hands-on træning gennem traditionel 
kadaver dissektion er tiltagende vanskeligt at sikre 
grundet det aftagende antal af donerede tindingeben 
og det høje antal uddannelsessøgende. Ydermere 
stilles der i stigende grad krav om evidensbaseret 
kirurgisk træning og kompetencevurdering. Dette har 
drevet udviklingen af virtual reality (VR) simulation 
til kirurgisk træning herunder også i 
tindingebenskirurgi. 

Det er veletableret at VR-simulation er særdeles 
velegnet til tindingebenskirurgisk træning af novicer. 
Imidlertid når de uddannelsessøgende hurtigt et 
plateau på et utilfredsstillende lavt niveau når de 
træner på egen hånd i simulatoren. Der er derfor 
brug for at vi får en bedre forståelse for hvilke 
elementer af træningsprocessen der kan forbedres 
med det formål at designe effektive 
træningsprogrammer og understøtte bedre læring. I 
denne afhandling undersøges forskellige strategier 
baseret på aktuel medicinsk uddannelsesteori for at 
opnå indsigt i effekterne på den kirurgiske præstation 
og læringsprocessen fordi hvad vi gør uden for, inde 
i og ind imellem simulationstræningen er af 
betydning. 

Princippet om mestringslæring inkluderer 
gentagen træning indtil et foruddefineret 
færdighedsniveau. Dette tilskyndede os til at udvikle 
en metrik-baseret præstationsscore med henblik på 
automatiseret bedømmelse og til at definere 
beståelsesgrænser ud fra eksperters præstation. 
Desværre kunne denne metrik-baserede score ikke 
indfange nøgleindikatorer omkring en sikker 
præstation sammenholdt med den etablerede 
slutproduktbedømmelse, der til gengæld kræver 
manuel vurdering. Generaliserbarhedsteori blev 
brugt til at undersøge pålideligheden af 
slutproduktbedømmelse under forskellige 
træningskonditioner: kontekstvariable havde 
betydelig effekt på pålideligheden, hvilket 
understreger at etablerede 
kompetencevurderingsredskaber ikke bør anvendes 
under andre betingelser og i andre kontekster end de 

oprindeligt var udviklet til uden specifikke 
overvejelser omkring ændring af pålideligheden. 

Fordeling af træning over tid er i litteraturen 
omkring motorisk færdighedstræning anerkendt som 
overlegen til kondenseret træning. Dette har vi 
tidligere vist også gør sig gældende for VR-
simulationstræning af tindingebenskirurgi. Derfor 
ville vi yderligere undersøge om effekterne af 
distribueret træning ville resultere i en bedre 
dissektionspræstation – såkaldt transfer: fem 
træningsblokke á tre simulerede procedurer 
forbedrede den efterfølgende dissektionspræstation 
med 25 %. 

Dissektionen udgør et meget komplekst 
læringsmiljø og en mere kompleks læringsopgave end 
VR-simulation og dissektionstræningen blevet fundet 
at medføre et betydeligt højere cognitive load hos de 
uddannelsessøgende. Ifølge cognitive load teori kan 
et cognitive load der overgår den mentale 
arbejdskapacitet forringe læring. Effekterne af 
distribueret og gentagen træning på cognitive load 
blev derfor undersøgt og vi fandt at dette signifikant 
reducerede cognitive load sammenholdt med 
kondenseret træning. Sammenfattet bør det 
kirurgiske uddannelsesprogram baseres på 
struktureret træning distribueret over tid for at 
optimere udbyttet af den begrænsede og dyre 
dissektionstræning. 

VR-simulationstræning muliggør distribution af 
træningen tilpasset den enkelte uddannelsessøgendes 
behov og skema, men uden tilstedeværelse af 
instruktører er der behov for andre støtteredskaber 
til feedback for at sikre effektiv læring. Ifølge 
konceptet ”målrettet, selvreguleret læring” er det 
altafgørende at sikre et klart mål og effektive 
instruktioner ved egen-læring. En simulatorintegreret 
tutorfunktion med visuel fremhævning af det enkelte 
trin i proceduren er en innovativ tilgang til denne 
udfordring. Problemet er dog at dette kan medføre 
afhængighed af tutorfunktionen, hvilket resulterer i 
en ringere præstation når tutor-funktionen 
efterfølgende gøres utilgængelig. Distribueret træning 
beskytter moderat mod denne negative effekt og vi 
opstillede derfor en hypotese om at intermitterende 
brug af tutorfunktionen ville være optimal for 
læringen. Derfor blev en kohorte af 
uddannelsessøgende som intermitterende gjorde 
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brug af tutorfunktionen sammenlignet med en 
referencekohorte der ikke fik adgang til 
tutorfunktionen. Tutorfunktionen øgede 
præstationen mens den var aktiv men til gengæld 
resulterede i ringere præstationer i efterfølgende 
øvelser, hvor tutorfunktionen var utilgængelig. Dette 
indikerer at feedback i form af den 
simulatorintegrerede tutorfunktion forringer 
indlæringen af motoriske færdigheder og bør derfor 
gentænkes. 

Dernæst undersøgte vi effekten af at øge 
realismen af VR-simulationen for bedre at bygge bro 
til virkelighedens forhold, hvor man anvender et 
operationsmikroskop til at forstørre det kirurgiske 
felt og for at kunne se afgørende detaljer som fx 
karstrukturen over anatomiske landemærker. 
Desværre var tilføjelsen af okularet fra et digitalt 
operationsmikroskop mhp. at øge realismen ikke en 
fordel for læringen: sammenlignet med deltagere der 
blev randomiseret til konventionel, skærmbaseret 
VR-simulation, var præstationen signifikant dårligere 
og cognitive load højere blandt deltagerne i denne 
”ultra-high fidelity” simulation med okularet. Derfor 
bør man overveje at forbedre læringen ved brug af 
andre metoder fremfor at øge realismen af 
simulationen. 

Endeligt anvendte vi en automatiseret proces til 
segmentering af kliniske CBCT-scanninger af 
tindingebenet for at skabe patient-specifik VR-
simulation der kan bruges til kirurgisk indøvning og 
planlægning forud for det faktiske indgreb. Klinikere 
var positivt stemt overfor den patient-specifikke 
simulation, fandt at den øgede deres forståelse for 
patientens anatomi og opfattede simulationen som 
gavnlig for træning af uddannelsessøgende kirurger. 
Ikke desto mindre udgjorde kvaliteten af de kliniske 
scanninger en begrænsning pga. scanningsfeltet og 
bevægeartefakter.  

Samlet præsenterer denne afhandlings arbejder 
indsigt i betydningen af hvad vi gør uden for, inde i 
og ind imellem VR-simulationsbaseret træning 
indenfor tindingebenskirurgi med bredere 
perspektiver for tilrettelæggelsen af 
simulationsbaseret træning af kirurgiske færdigheder 
generelt. Det optimale VR-
simulationstræningsprogram baserer sig på 
princippet om understøttet og målrettet selvreguleret 

læring med mulighed for træning distribueret over 
tid. Vigtigheden af grundige overvejelser om at 
understøtte kognitive processer, at motivere den 
uddannelsessøgende, og sørge for instruktion og 
feedback i træningstilrettelæggelsen kan ikke 
understreges nok. 

Fremtidige forskningsperspektiver inkluderer 
udviklingen af et adaptivt træningsprogram, som 
tilpasser feedback og sværhedsgrad baseret på 
pålidelig automatisk kompetencevurdering, en bedre 
integration af simulationsbaseret træning i det 
kliniske uddannelsesprogram, og at videreudvikle 
simulation så det også er værdifuldt for den aktive 
kliniker til patientspecifik træning, kirurgisk 
planlægning og navigation. 
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1. Introduction 

1.1 Temporal bone surgery and training 

Temporal bone surgery comprises surgical 
procedures related to the temporal bone of the skull 
with mastoidectomy being the principal procedure. 
Mastoidectomy involves the gradual drilling of the 
temporal bone to gain access to the middle ear and 
anatomical structures localized within the temporal 
bone. The procedure can be modified depending on 
the purpose of surgery and be combined with for 
example posterior tympanotomy to provide access to 
the round window for cochlear implantation (CI). 

Temporal bone surgery requires complex 
psychomotor skills and these have traditionally been 
acquired through dissection of human cadaveric 
temporal bones and supervised surgery on patients 
in the operating room, i.e., surgical apprenticeship.1 
Cadaveric dissection can be considered a high-
fidelity simulation model and is still considered the 
gold-standard training modality in temporal bone 
surgery.2 Human cadavers for training are an 
increasingly scarce resource and only few but the 
largest training institutions can offer trainees in-
house access to open dissection facilities and 
unlimited human temporal bones.3 Therefore, most 
training departments instead send trainees on brief 
temporal bone courses that most often offer only 
cadaveric dissection training.3 

Several alternative training models have been 
proposed including artificial models of plaster or 
plastic, technology-enhanced simulation such as 
virtual reality (VR) simulation, or hybrid models that 
augment physical models with virtual elements. The 
development of VR simulators were driven by the 
advances in computer graphics and the earliest 
models were applications based on polygon surface 
models typically used in gaming.4,5 In contrast to 
other surgical approaches such as laparoscopic 
surgery and endoscopy, surface models were quickly 
abandoned in VR temporal bone simulation because 
drilling requires a volumetric approach to better 
simulate the gradual removal of bone.6–9 These 
volumetric models are typically based on CT imaging 
data and amongst these, the still active projects in the 
field are, respectively, the Voxel-Man Tempo 

(Hamburg, Germany), the CardinalSim (Stanford 
University, California, USA), the University of 
Melbourne (Melbourne, Australia), and the Ohio 
State University (Columbus, Ohio, USA) temporal 
bone simulators. In contrast, the primary model in 
the Visible Ear Simulator is based on high-resolution 
digital cryosection images,10 providing highly realistic 
graphic detail. This has recently been supplemented 
by several other temporal bone models based on a 
combination of cone-beam CT (CBCT) and micro-
slicing of cadaveric temporal bone specimens.11,12 
The Visible Ear Simulator is offered as academic 
freeware for download13 and has been detailed in 
several of our publications.14,15 

Evidence for the effect of VR simulation for 
temporal bone surgical training of novices has 
accumulated in the published literature across the 
different VR temporal bone surgical platforms since 
2007.15 However, a main challenge is how to 
overcome the early plateau in the performance of 
novices in VR simulation-based training (SBT) in 
temporal bone surgery.16,17 Reliable assessment of 
performance is a prerequisite in order to investigate 
the effect of different learning conditions. Finally, 
little is known on the value of simulation for more 
experienced temporal bone surgeons. 

We have a unique opportunity in VR simulation 
of temporal bone surgery because of strong 
academic projects focused on research-based 
simulation. This allows us to go beyond what can 
typically be studied using commercially available VR 
simulators because we can easily modify every aspect 
of the simulation including learning supports and 
metrics measured. Hopefully, the achievements in 
VR simulation of temporal bone surgery can in turn 
be generalized to other procedures and inspire 
development towards clinical use of simulation for 
patient-specific simulation. 

1.2 Directed, self-regulated learning 

SBT is at the core hands-on and learner centred. 
One of the potential advantages of SBT of surgical 
technical skills, and especially VR simulation training, 
is that the trainee can practice autonomously with no 
need for the presence of a human instructor, i.e., 
“unsupervised”.18,19 This substantially reduces the 
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costs of SBT and allows the trainee to practice 
according to individual needs and schedule. If clear 
educational goals are defined, the trainee can work 
freely within the learning environment and self-
regulate their learning to achieve these goals. An 
educational goal can for example be training to the 
level of proficiency20 after which the learner needs to 
further refine their skills using more advanced 
training models or advance to clinical training. 

Proficiency-based training is frequently used as 
the terminology for applying the principles of 
mastery learning in the context of SBT of surgical 
technical skills. The concept is basically that the 
learner practices until they can demonstrate a 
consistent performance at a pre-defined level. Such 
mastery learning seem to positively affect outcomes 
of simulation-based medical education.21–23 
However, the amount of practice needed to achieve 
proficiency is highly individual,24 which is impractical 
if instructors need to be physically present during 
every practice session. Further, conventional 
instructor-led SBT may result in inferior self-
regulated learning compared with a self-directed 
approach with supports for self-regulated learning.25 

Self-regulated learning can be unguided or 
minimally guided (discovery approaches) or can be 
supported through the use of learning supports for 
scaffolding the learning experience. The concept of 
directed, self-regulated learning (DSRL) emphasises 
that the learner is provided with direction and 
guidance in order to achieve efficient self-directed 
learning.26,27 A clear advantage of DSRL is cost 
effectiveness because of the reduced need for 
instructor presence.28 

A major challenge of “unsupervised” and self-
regulated learning is that without corrective feedback 
there is a risk that the trainee learns the wrong 
things, do them in the wrong way, or makes 
incorrect judgments.29 Consequently, DSRL stresses 
the deliberate design of training with mechanisms to 
ensure a successful learning experience. Designing, 
implementing, investigating, and understanding 
different learning supports for optimal directed, self-
regulated learning in the context of VR SBT is 
therefore highly relevant. 

 

1.3 Performance assessment 

Surgical skills have traditionally been documented 
through quantitative measures such as logging the 
number of procedures and hours of training, by 
written or oral tests that mainly reflect knowledge 
domains, and/or by direct or video-based 
observation of the operating room performance with 
feedback from the surgical supervisor (expert 
opinion).1 The paradigm of competency-based 
medical education,30 the introduction of the 
objective, structured assessment of surgical technical 
skills tool (OSATS),31 and the use of simulation-
based assessment,32 have in the recent decades 
transformed surgical skills training and assessment 
profoundly. Importantly, evidence of validity and 
reliability of simulation-based assessment needs to be 
accumulated from a number of sources based on 
modern validity frameworks such as Messick’s.33 
Valid and reliable assessment is fundamental for 
evaluating the effect of educational interventions and 
in any effort to systematically advance surgical 
education and training. 

In temporal bone surgery, different approaches 
to assess mastoidectomy performance have been 
suggested. These include global rating scales of 
performance (GRS), structured task-based check lists 
(TBC), and final-product assessment (FPA).34 
However, there is conflicting evidence on the 
correlation between performance scores on different 
instruments,34–36 most likely reflecting that process, 
technical skill, and end-result are separate domains. 
In contrast to global rating and checklists, which 
require somewhat lengthy direct or video-based 
observation of performance, the FPA considers only 
the end result of the temporal bone drilling.37 
Consequently, FPA only indirectly reflects process 
and motor skills performance, which is a clear 
limitation. Nonetheless, FPA is the most commonly 
reported outcome measure in the temporal bone 
surgical training literature38 because it allows 
assessment to be performed at a later point in time. 
This makes standardized assessment of a large 
number of performances by several raters feasible. 
We have therefore consistently used final-product 
analysis using the Modified Welling Scale (Table 1) 
as a performance outcome throughout this thesis. 
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Although validity evidence has accumulated for 
all three types of instruments (GRS, TBC, and FPA) 
for mastoidectomy performance assessment in 
different training contexts (intra-operatively, cadaver 
dissection, and VR simulation) there is still little 
validity evidence on response process and 
consequences of assessment including standard 
setting for proficiency-based training.38 

Technology-enhanced simulation including VR 
simulation also provides new opportunities for 
performance assessment—the use of computer-
gathered metrics for automated and truly objective 
assessment. Metrics are basically any parameter that 
can be registered during a performance such as path 

length, force used, energy applied, collisions, errors 
etc.39 Many of these metrics cannot easily be 
measured or tracked in real-life, complicating 
validation. Using this information for meaningful 
feedback and assessment is perhaps even more 
difficult and complexity increases further when 
considering derivatives of metrics for example path 
length per time, and aggregated scores of 
incommensurable metrics. Many commercial 
simulators incorporate such complex metrics for 
automated assessment. However, the same scientific 
rigor must be cautioned for metrics-based 
assessment as for more traditional assessment and 
validity evidence must be meticulously collected. 

1.4 Learning curves and skills transfer 

There are many definitions on the construct of 
“learning” but common features include that it is a 
“transformative process” resulting in “a change in knowledge 
and/or behaviour” that is “persistent”. Further, the term 
learning can refer both to the product (end result), 
the process, or the function. Unsurprisingly, defining 
outcomes of learning experiences depends on the 
specific context and the purpose. In surgical skills 
training, learning outcomes often include immediate 
performance (i.e., here-and-now performance during 
training), learning curves (i.e., how performance 
changes with cumulative experience), retention of 
performance (i.e., preservation of performance after 
a period of non-rehearsal), and transfer (i.e., how 
performance in one context affects performance in 
another context). This is of course a gross 
oversimplification but an in-depth discussion of all 
these concepts is beyond the scope of this thesis. 
Nonetheless, this discourse highlights that there is a 
qualitative difference between performance and 
learning and that any systematic attempt to improve 
the outcome of training programs requires insights 
into the processes and mechanisms of learning. 
Ultimately, this cannot be achieved using a single 
outcome but rather requires triangulation from 
multiple sources.40 In this thesis, this includes 
different measures of performance to investigate 
learning curves and transfer, and cognitive load (CL) 
to explore the cognitive processes involved in 
learning. 

Learning curves describe the relationship  



 

4 

 

between experience and outcomes of learning.41  
The outcome of learning will typically increase with 
cumulative experience (amount of practice) 
following a negatively accelerated learning curve as 
described in the motor skills literature.42 This 
configuration has some key features that include slope 
(rate of learning) at any given point and an inflection 
point where learning becomes more effortful, 
ultimately resulting in a plateau phase.41 The 
configuration of the learning curve will be dependent 
on the learner including learner characteristics and 
previous experience, the learning task, contextual 
factors including the learning environment and 
instructional design, and the measured learning 
outcome. The learning curve of the individual learner 
rarely fits with the average for a group of learners 
under similar conditions and the averaged learning 
curve therefore represents an idealised model.41 SBT 
of surgical technical skills is typically introduced 
before clinical training of the skill with the purpose 
of offsetting the learning curve of the subsequent 
clinical training (Figure 1). 

There are many features of SBT that are 

associated with positive effects on learning including 
range of difficulty in training cases, repeated and 
distributed practice, cognitive interactivity, support 
for self-regulated learning, and feedback.44 However, 
how these features work, for which groups of 
learners, and in which contexts remain under-
investigated.44 The learning curve configuration can 
provide insights useful in understanding how 
instructional design interventions affect the learning 
process and how SBT can be optimized. 

In medical education, replicating knowledge 
(memory tasks) is typically less useful than applying 
established knowledge and skills to new problems, 
situations and domains—so-called transfer. The 
ultimate goal of SBT is that the skills learned in 
simulation results in a better performance in the 
clinical setting, resulting in better patient outcomes 
and safety. Minimizing the loss of performance due 
to transfer processes is therefore highly desirable. 

At its core, transfer requires complex cognitive 
processes that are not well understood and are 
particularly difficult if the transfer task involves 
dissimilar problems, situations and/or domains.45 A 

 
Figure 1. A learning curve model for simulation-based medical education. Modified after Konge et al.43 
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cohesive understanding of transfer and the role of 
factors of the individual such as motivation and 
cognitive skills, contextual factors such as feedback, 
and task factors including instructional strategies is 
needed.46 The efficiency of transfer could also 
depend on curriculum factors such as discontinuity 
between achieving competency in SBT and 
continuing to refine those skills in the clinical 
environment. 

In temporal bone surgery in Denmark, transfer 
from the simulation environment to the OR is not a 
feasible research outcome measure because very few 
otorhinolaryngology residents progress to supervised 
temporal bone surgery. Since cadaveric dissection 
represents a more complex learning environment 
than VR simulation, we used this as an intermediate 
transfer outcome (reflecting context transfer47). 

1.5 Cognitive load 

Cognitive load theory (CLT) is a leading theory on 
educational instructional design based on knowledge 
of the human cognitive architecture and processes 
such as how we learn, think and solve problems.48 
Briefly, the underlying premise of CLT is that 
working memory is limited and can only process few 
elements simultaneously within a short temporal 
frame. The organized cognitive schemata stored in 
long-term memory can be used to offset these 
working memory limitations.49 In the lens of CLT, 
expertise is the result of effective cognitive schemata 
that have been refined and automated through 
repeated and deliberate practice. 

In contrast, novel information that does not fit 
within existing schemata require crude processing in 
working memory. If the task exceeds the capacity of 
the learner, cognitive overload can ensue and actually 
hinder the formation of efficient schemata.48 This 
results in a challenge especially when dealing with 
novices as is often the case for example in SBT of 
surgical skills. 

Cognitive Load (CL) is mostly considered to 
consist of three components (Figure 2): the intrinsic 
CL of the task, which is dependent on the task itself 
(the element interactivity) and the expertise of the 
learner (i.e., how well-developed and well-employed 
are the relevant mental schemata); germane CL that 

is used for dealing with the learning task such as 
constructing mental schemata (i.e., processes leading 
to actual learning); and extraneous CL that is 
unnecessary for learning and might result from weak 
problem solving methods.49 The effects of the 
intrinsic and extraneous load components are largely 
regarded as additive, whereas the effect of germane 
load seems to be more like an interaction effect.50 
Altogether, these considerations lead to a number of 
proposed instructional design principles and 
strategies to reduce extraneous load, manage intrinsic 
load and optimise germane load in order to optimize 

Figure 2. Cognitive load model after van Merriënboer and 
Sweller.49 A. Cognitive load due to excessive extraneous 
load; B. Cognitive capacity not fully utilized; C. Increasing 
germane load allows full utilization of available cognitive 
capacity. 
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the learning experience.51 

CL is  “a theoretical construct, describing the internal 
processes of information processing that cannot be observed 
directly”52 and therefore needs to be estimated using 
methods that can generally be divided into subjective 
and objective measurements as well as according to 
causal relationship.52 Typically, the subjective 
methods are based on questionnaires for 
retrospective self-reporting after the learning task has 
been completed whereas the objective methods are 
applied concurrently.53 The objective methods can 
be based on physiological parameters such as pupil 
dilation or other physiological indices, neuroimaging 
such as functional magnetic resonance imaging 
(fMRI), or the dual-task approach.52 The latter 
consists of adding a secondary task that needs to be 
performed simultaneously with the primary learning 
task. Examples include tapping a rhythm,54 mental 
arithmetic tasks,55 and reaction time.56 

CL has not been extensively studied in the 
context of SBT. Secondary task reaction time 
measurement has been found to be sensitive to 
changes in CL during SBT of knot-tying;57 subjective 
methods for CL measurement had acceptable 
correlation with performance measures (time and 
number of movements) in VR SBT of 
salpingectomy;58 and haptic feedback during SBT 
reduced CL especially for experienced surgeons.55 

In this thesis, the secondary task method is used 
to estimate CL and measured reaction time in 
response to a visual or auditory cue. This involved 
series of repeated measurements both at baseline (to 
establish individual mean reaction time before and 
after the simulation) and during the simulation and 
therefore report relative changes in reaction time as 
an estimate of changes in CL from a non-active to an 
active stage. A major limitation of the dual-task 
approach is that the different components of CL 
cannot be differentiated.50 

In their 2005 and 2019 reviews, van Merriënboer, 
Sweller and Paas highlight several important areas of 
current CL research: complex and real-life learning 
tasks, lengthy training programs, and the effect of 
increasing expertise on which instructional methods 
that work well (the expertise reversal effect).49,50 A 
challenge is that principles that are found useful for 

simple task experiments yield poor results in 
complex motor skills tasks.59 Similarly, short 
laboratory experiments fail to consider the effects of 
for example motivation during extended training 
programs.49 Finally, as the novice gains experience, 
there is a need for an instructional design that 
includes more authentic training tasks, deliberate 
practice activities, supports for self-regulated 
learning, tailored feedback, and repeated practice.60 

This motivates exploring CL in this thesis 
because SBT of temporal bone surgical skills 
represents a complex learning task situated in a 
distributed training program with focus on self-
regulated learning. 

1.6 Clinical imaging of the temporal bone 
and segmentation 

Conventional CT has for many years been used for 
clinical imaging of the structures housed within the 
temporal bone because it is well-suited for 
visualization of the ossicles, the bony canal of the 
facial nerve, and the bony cavities of the inner ear 
including the cochlea.61 However, the ionizing 
radiation limits its use for routine imaging. Magnetic 
resonance imaging (MRI) can on the other hand be 
used to visualize fluid filled cavities such as the 
cochlea and vestibular aqueduct, soft tissue 
structures such as the vestibulocochlear nerve, and 
soft tissue pathology such as cholesteatoma.61 
Nevertheless, MRI is time consuming, resolution is 
lower than CT, and bone is not well presented. This 
altogether precludes the use of MRI for VR 
simulation of the temporal bone. 

Cone-beam CT (CBCT) uses a cone-shaped x-ray 
beam for digital volume tomography of a smaller 
anatomical area.62 This reduces exposure time and 
radiation dose while providing high resolution 
images. CBCT has mainly been used in 
dentomaxillofacial imaging but is well-suited for 
imaging of the paranasal sinuses and the temporal 
bone.63,64 Most temporal bone structures and key 
surgical landmarks are equally well visualized with 
CBCT imaging compared with conventional CT.65,66 
Unsurprisingly, there is increasing interest in using 
CBCT in the routine evaluation of otologic patients 
and many larger otology centers are implementing 
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CBCT for “in-office” imaging. Routine clinical 
imaging including CBCT has several potential 
applications besides being part of the diagnostic 
workup: it can be used to guide for example choice 
of optimal CI electrode pre-operatively,67 determine 
electrode placement in post-operative scans,65 and 
could also enable patient-specific VR simulation that 
can be used for pre-operative surgical planning and 
rehearsal.68 

VR simulation for patient-specific rehearsal based 
on clinical imaging needs to provide models that are 
accurate in the representation of the patient’s 
anatomy and also provide realistic visual cues for the 
surgeon. The first step in creating such models from 
clinical imaging is segmentation, i.e., the delineation 
of relevant anatomical structures and surgical 
landmarks in the imaging dataset. Consequently, the 
clinical imaging needs to be of high-quality and with 
sufficient resolution for the structures to be visible 
and clearly delineated from surrounding tissue and 
structures. Altogether, this makes CBCT well-suited 
for the purpose of patient-specific VR simulation. 

Manual segmentation is time consuming and 
depends on number and complexity of structures 
that need to be segmented as well as scan resolution 
because a higher scan resolution results in more 
slices that need to be manually reviewed.69 Manual 
segmentation is in other words not clinically feasible 
for patient-specific VR simulation for case rehearsal 
prior to surgery. Guided and semi-automated 
approaches to segmentation reduces the time for 
creation of patient-specific VR models considerably 
but still averages 20–30 minutes per case.70,71 Fully 
automated segmentation of temporal bone anatomy 
is therefore highly desirable and established 
approaches include statistical shape modelling,72 
atlas-based modelling,73,74 and neural network 
algorithms.75 Recently, we have further augmented 
the atlas-based approach to also model cochlear 
microstructures such as the scala tympani and 
vestibuli.76 

Once the temporal bone anatomy has been 
segmented in the clinical imaging dataset, the 
different anatomical structures and landmarks as well 
as the temporal bone itself need to be rendered for 
visualization and interaction in the VR environment. 

This is no trivial task and involves substantial 
processing and post-processing in order to provide 
realistic visual cues in VR simulation.12 For this to be 
possible with patient datasets, integration of several 
processing steps would need to be automated and 
streamlined in the future.  

1.7 Aims and objectives 

The observed plateau in learner performance 
represents a major challenge for VR simulation 
training of surgical technical skills including in 
temporal bone surgery. Different strategies to raise 
or overcome this plateau and optimise SBT can be 
conceived with the overarching research question: 
How do we best deliver simulation-based training for optimal 
learning in mastoidectomy? To answer this question, we 
need to explore different conditions of learning 
because what we do outside, inside, and in-between 
simulation matters. 

First step is establishing the “outside” of SBT: 
valid and reliable measures of performance that can 
be used to document the effects of learning 
interventions in and outside of the simulation 
environment. Such assessment is the basis for 
providing direction and feedback during simulation, 
to motivate learners, and to track progress for 
advancement within simulation or determine 
readiness for supervised surgery in the OR. 

We also need to study the effects of what we do 
“inside” SBT, i.e., how we present and scaffold the 
learning task during practice. This requires the 
application of contemporary medical educational 
theory and conceptual frameworks to guide and 
understand the effects of different learning 
interventions. This for example could include 
applying the concept of directed self-regulated 
learning to VR simulation training of mastoidectomy 
and trying to get a better understanding of the 
learning processes involved using the framework of 
CLT. 

Finally, we should consider the “in-between” 
conditions of SBT such as how we organize training, 
how we keep learners motivated and cognitively 
engaged with learning, and how we ensure 
progression of learners and relevancy of SBT for 
learners of all levels. Ultimately, temporal bone 
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surgical simulation might be transformed from being 
a tool used mainly for the initial training of complete 
novices to a platform that is incorporated in to all 
stages of learning including preparation of the 
experienced surgeon for any specific patient case in 
the clinic.  

This is no small challenge and requires much 
development and research. This thesis aims to 
provide a few of the necessary pieces and expand the 
current state of VR simulation training and 
assessment of mastoidectomy by exploring different 
learning conditions with the following specific 
objectives: 
 
1. Develop metrics-based automated assessment 

for VR simulation training of mastoidectomy, 
define pass/fail performance standards based 
on the expert performance framework, and 
investigate consequences of standard setting. 

2. Explore reliability of final-product assessment 
in relation to different training conditions and 
strategies using generalizability theory (G 
theory). 

3. Investigate the transfer of distributed VR 
simulation training to cadaveric dissection 
performance. 

4. Compare the CL induced in the VR simulation 
and cadaveric dissection training to better 
understand the role of learning environments. 

5. Establish the effects on CL of distributed and 
massed practice conditions. 

6. Investigate the effects on final-product and 
metrics-based performance of intermittent 
simulator-integrated tutoring. 

7. Determine the effects on performance and CL 
of ultra-high fidelity VR simulation training. 

8. Explore clinicians’ perceptions of patient-
specific VR simulation based on CBCT 
imaging. 

2. Simulation-based assessment 

2.1 Background 

Assessment of performance is pivotal for 
establishing the effect of any learning intervention. 
In temporal bone surgical training, most of the 
existing performance assessment tools were 
developed for use in the operating room or to 
evaluate performance of cadaveric dissection.34,36,37 
With the introduction of VR simulation, we found a 
need to establish final-product assessment (FPA) in 
this context and therefore modified the Welling Scale 
(WS1) final-product analysis tool developed at the 
Ohio State University.37 We established that FPA 
could be used in the VR temporal bone simulation 
context with a higher inter-rater agreement than in 
cadaveric dissection most likely due to the 
standardized virtual temporal bone model.77 
Consequently, we have used this 26-item modified 
Welling Scale for performance assessment going 
forward. 

Evidence-based pass/fail criteria have not been 
established for any of the currently developed 
assessment tools and reliability evidence is also 
meagre as highlighted in a review on assessment of 
mastoidectomy performance.38 

In addition to assessment of performance by 
human raters, simulation-based metrics can be used 
for automated feedback and assessment of 
performance.39 In VR simulation training of 
temporal bone surgery, a large number of metrics 
have been proposed, and in a systematic review, we 
have mapped the current evidence for these.78 
Substantial validity evidence were found for 
procedural time and derivatives of time, volume 
removed per time (efficiency of drilling), force 
applied near vital structures, and drilling the correct 
volumes. Other metrics such as angle of drilling, 
stroke distance and velocity, the burr diameter and 
type of burr had only some to moderate validity. 

Translating these metrics into valid scoring 
systems and usable feedback is more challenging and 
in commercial simulators, such assessment is often 
implemented without any validity evidence,17 
emphasizing the need for more research on metrics 
for automated, simulation-based assessment. 
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2.2 Using the expert framework for 
developing a metrics-based score and 
standard setting of performance 

SBT can rarely lead the trainee to the level of the 
expert but can be used to increase the competency 
of the trainee, bringing them from novice to 
proficient.20 However, SBT will optimally induce 
some of the behaviors observed in experts.79 Such 
behaviors could in temporal bone surgery for 
example constitute goal-directed behavior, efficient 
drilling, and a safe performance.80 Even though 
experts perform differently in a VR temporal bone 
simulation environment than in cadaveric 
dissection,81 they do maintain expected behaviors 
such as drilling more efficiently, exercising caution 
around critical structures, and achieving proper 
exposure and overview of the surgical field 
compared with trainees.82 

Many of the proposed metrics can be difficult to 
observe and/or record in real life. Consequently, 
expert consensus83 is of limited use in developing 
metrics-based assessment. Instead, expert 
performances recorded in the simulation 
environment can be used for automatic scoring of 
mastoidectomy performances.84 Even though this 
approach has been used for automated assessment in 
temporal bone surgical training, no study has 
compared metrics-based scoring with existing 
assessment tools nor established proficiency levels 
for established assessment tools or metrics-based 
scoring systems. 

In paper I, we recorded VR mastoidectomy 
simulation performances by experienced surgeons 
and residents (who were also study participants in 
paper III) for standard setting of assessment and to 
investigate the consequences of such standard 
setting. Final products were saved and 
unsurprisingly, the experienced surgeons significantly 
outperformed the residents (mean difference = 4.9 
points, p<0.001). A final-product score (FPS) of 19.5 
points was set as a cut-off score for proficiency, 
resulting in 60 % of the experienced surgeons having 
a passing performance in their third procedure in 
contrast to only 5.4 % of the residents. 

A total of 129 different metrics and derivatives 
were recorded but only unique metrics that could 

discriminate between residents and experienced 
surgeons (with experienced surgeons having the 
better performance as well as performance increasing 
with repetition) were included in a metrics-based 
score (MBS) model. This resulted in 17 different 
metrics that were then classified within five 
components: time and force efficiency, burr size 
efficiency, burr type efficiency, hesitancy, and goal-
directed behavior. Each component was weighted 
equally, resulting in a combined metrics-based score 
(ranging from 0 to 100 %). For the MBS, the 
experienced surgeons outperformed the residents 
(mean difference = 16.4 %, p<0.001). A cut-off 
score for proficiency of 83.6 % was established, 
resulting in identical pass/fail rates to that of the 
FPS. We considered this 60 % pass rate of 
experienced surgeons reasonable because the 
experienced surgeons by their third procedure were 
still on the steep part of their learning curve in the 
VR simulator. However, data from the experts’ 
learning curve plateau would have been better for 
standard setting but this was not feasible to obtain. 

We further explored the MBS in relationship to 
other conditions of learning and variables: 

A) Repeated and distributed practice increased 
the MBS following a traditional negatively 
accelerated learning curve with 50 % of 
performances passing the established standard after 
13 procedures (Figure 3), supporting that the 
proficiency level is not unobtainable in simulation. 

B) The MBS was poorly correlated with the FPS 
(Pearson’s r = 0.30) but moderately correlated with 
the FPS per minute (Pearson’s r = 0.63). This was 
unsurprising as the MBS mainly reflects efficiency of 
drilling whereas the FPS mostly considers volume 
drilled and violation of structures. Consequently, we 
found the need to add an additional criterium—
sufficient volume removed—because a large 
percentage of the residents’ procedures were 
insufficiently drilled (mean FPS of 14.0 points), 
leading to an inflated efficiency (mean of 0.80 points 
per minute). 

Finally, the MBS fails to capture other critical 
aspects of performance such as not causing injury to 
critical structures and drilling in the wrong places 
and should therefore not be used as the only 
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performance outcome. Metrics-based assessment can 
most likely be improved in relation to this by 
defining metrics for specific volumes of interest.85 In 
contrast, FPA reflects little of the process and 
integrating both types of assessment seems optimal. 

Altogether, this highlights several general issues 
of simulation-based assessment: First of all, multiple 
sources of validity evidence need to be considered 
including relationship to other variables and 
consequences of standard setting. Excellent 
discrimination between experienced surgeons and 
trainees is not sufficient as the only validity 
argument.86 Also, several mechanisms are needed to 
ensure that a safe performance is learned in self-
directed VR simulation training. Key elements could 
be feedback and learning supports that facilitate 
cognitive processes. In agreement with the expert 
performance framework, observation of expert 
performances can be used to inform instructions, 
feedback, and other learning supports for novices 
that facilitate learning expert behaviors. 

2.3 Exploring the reliability of simulation-
based assessment 

Assessment is typically limited by the assessment 
task, assessment conditions, and the number of 
observations, resulting in the reliability of the 
assessment requiring extensive consideration.87 
Generalizability theory (G theory) can integrate 
different sources contributing to performance 
variability and measurement error and be used to 
explore reliability.88 In simulation-based assessment, 
reliability is often reported as the number of 
observations needed to achieve a specific 
Generalizability coefficient—typically a G-coefficient 
>0.8.89 In temporal bone surgical training, a G-
coefficient of 0.64 for the original Welling Scale 
could be achieved using two raters observing two 
cadaveric temporal bone dissection performances by 
each trainee.90 

Despite simulation-based assessment 
representing a relatively controlled and reproducible 

 
Figure 3. Means plot of the metrics-based score (MBS) and the total number of passing performances. Bars indicate 95 % 
confidence intervals. The MBS pass/fail standard is set at 83.6 %. 
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environment, contextual factors could potentially 
affect the Generalizability coefficient.91 This has 
received little attention in the literature and we 
therefore wanted to explore the consequences on 
reliability of different contextual variables. 

In paper II, we pooled all the assessment data 
obtained in the period 2012–2018, representing 
>3,500 final-product assessments of temporal bone 
performances under different practice conditions. 
We found item difficulty to contribute to the largest 
source of variance, with little variance being 
introduced by raters and an acceptable ability of the 
assessment tool to discriminate between a high and a 
low performing learner. With increased experience 
of the learner (medical student, resident, and 
experienced surgeon) more observations were 
needed to achieve reliable assessment. More 
observations were also required for VR simulation 
performances compared with cadaveric dissection 
performances (Figure 4, left). However, for the VR 
simulation performances, fewer observations were 
needed as the graphic fidelity increased (Figure 4, 
right). Practice organization (massed and distributed 
practice) and simulator-integrated tutoring had only 
little effect on the number of observations needed 
for reliable assessment. In contrast, more 

observations were needed if the learner was on the 
initial part of the learning curve compared with the 
plateau phase. Altogether, the Generalizability 
analysis adds to the reliability evidence of FPA of 
mastoidectomy performance and more generally, 
illustrates how contextual variables can have large 
effects on reliability. This cautions the use of single-
study data for generalizability of assessment in other 
contexts. In other words, reliability outcomes from 
one study cannot be assumed to hold in other 
contexts, which especially for high stakes assessment 
warrants specific considerations on reliability. 
  

 
Figure 4. Examples of projections on reliability (D-studies). 
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3. Training organization 

3.1 Background 

In the motor skills learning literature, it is well-
established that distributed practice is superior to 
massed practice.42 This has also been corroborated 
for surgical skills training for shorter procedures  
such as microanastomosis and basic VR laparoscopy 
skills (transfer of a simple object).92,93 Mastoidectomy 
represents a more complex surgical procedure and 
supporting knowledge on shorter and simpler 
procedures, we have previously demonstrated that 
distributed VR simulation practice results in a 
significantly higher end-of-training performance than 
equal amounts of massed practice (mean difference 
2.7 points out of 26 points), p=0.002)16 as well as a 
better retention at three months post-training mainly 
reflected in improvement of time used.94 

From an organizational point of view, it seems 
efficient to gather educators, trainees, and expensive 
equipment. Indeed, intensive learning events with 
massed practice over one or two days are still 
common in ORL and temporal bone surgery despite 
evidence of poorer educational outcomes. Boot 
camp concepts with simulation-based skills training 
of a variety of ORL procedures over the course of a 
single day have gained considerable popularity in 
North America.95,96 Similarly, in our survey of 
European ORL training departments, we found that 
75 % of responding departments send their trainees 
on 1–3 day long temporal bone courses.3 

An alternative to these intense, massed practice 
courses is to offer learners distributed VR simulation 
training prior to the wet temporal bone course. 
However, the effect on cadaveric dissection 
performance (i.e., transfer) and CL in relation to 
learning environments and practice organization has 
not previously been investigated for mastoidectomy. 

3.2 The effects of distributed VR 
simulation training on transfer 

We have previously established that three hours of 
VR SBT before cadaveric dissection training of 
mastoidectomy can improve dissection performance 
by 52 %.97 We also know from the learning curves 
that the optimal training program would consist of 

distributed practice blocks each consisting of three 
repeated procedures.16 

In paper III, we wanted to investigate the effect on 
cadaveric dissection performance (transfer) of the 
suggested structured, distributed VR simulation 
training program. Participants were residents 
attending the national temporal bone course, who we 
invited for additional VR simulation training of 
mastoidectomy in the three months leading up to the 
temporal bone course. Nine out of 37 trainees from 
the 2016 and 2017 national temporal bone courses 
accepted the additional VR simulation training and 
each trainee completed five training blocks of three 
identical procedures before the course (intervention). 
The remaining course participants served as controls 
and both the intervention and control participants 
received the standard three hours of VR simulation 
training during the temporal bone course. 

As expected, end-of training VR simulation 
performance of the intervention group (who 
completed a total of 18 procedures) was higher than 
the control group (who completed three procedures 
during the temporal bone course) with a mean 
difference of 4.4 points (95 % CI [1.8–7.0], p<0.005) 
(Figure 5, left side). More importantly, the effect of 
distributed VR simulation practice transferred to the 
cadaveric dissection setting, resulting in the 
intervention group outperforming the control group 
with a mean difference of 2.6 points (95 % CI [0.7–
4.4], p<0.005) (Figure 5, right side). In other words, 
the distributed VR simulation training program 

 
Figure 5. Box plots of final-product performance. 
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further increased cadaveric dissection performance 
25 % compared with just a single block of VR 
simulation training. 

In contrast to our previous study where time for 
each repeated procedure was fixed at 30 minutes,16 
we allowed participants unlimited time for each 
procedure. This resulted in the final-product 
performance per minute to best reflect the combined 
increase in performance because the time needed to 
complete the procedure was substantially reduced 
with repeated practice. 

Overall, we demonstrated that distributed 
practice has an additional positive effect on 
subsequent cadaveric dissection performance 
compared with the standard amount of VR 
simulation practice during our temporal bone course. 
We found the rate of participation to be high (24 %) 
considering the geographical distribution of the 
trainees and that trainees were not compensated for 
the time they used for the additional VR simulation 
training at the simulation centre. Further, with local 
and at-home training being a feasible option,98 
implementing distributed VR simulation training 
before the temporal bone course can augment the 
otherwise very limited opportunity for training on 
human temporal bones during the national temporal 
bone course. 

3.3 The effects of VR simulation training 
conditions on CL 

CL in SBT has received increasing interest over the 
last two decades.53 However, at the time of our first 
studies, CL was only scarcely studied in SBT of 
surgical skills and procedures in contrast to full-scale 
simulation of medical scenarios. Since our first 
studies, other studies have added that reducing task 
complexity in SBT of lumbar puncture decreased CL 
but that this had a negative effect on transfer of 
performance,99 and that CL can be used as predictor 
in differentiating levels of experience in SBT of 
ultrasound skills.100 One of the main gaps, we 
identified in the literature, were whether practice 
conditions affect CL. 

In paper IV, we therefore investigated CL in VR 
simulation and cadaveric dissection training of 
mastoidectomy (in extension of the previously 

mentioned study97) and compared the CL imposed 
on trainees under these two conditions. We used a 
cross-over design to balance out effects of repetition 
and did serial measurement of secondary task 
reaction time. One cohort of 20 temporal bone 
course participants (residents) received VR 
simulation training before cadaveric dissection and 
another cohort of 20 course participants cadaveric 
dissection before VR simulation training. We found 
that the mean relative increase in CL during VR 
simulation training was 1.20 (95% CI [1.18-1.22] 
compared with 1.55 (95% CI [1.52- 1.59]) in 
cadaveric dissection (p<0.001). In other words, 
cadaveric dissection induced substantially more CL 
on the trainee than the VR simulation (task and 
environment combined). 

A limitation of the study was that we measured 
reaction time using two different systems: in VR 
simulation, an automated system presented a visual 
letter cue on-screen and participants had to respond 
by pressing on the corresponding key on the 
keyboard; in cadaveric dissection, a manual system 
with an auditory beep cue required the user to 
respond by pressing a foot switch. This could 
potentially result in different speed-accuracy trade-
offs even though we could not verify any differences 
in precision in the automated system with the visual 
cues.101 

In paper V, we wanted to investigate the effects 
on CL of distributed VR simulation training. As part 
of another study,16 one cohort of 21 medical 
students completed distributed practice and another 
cohort of 19 medical students that completed 
massed practice. Both cohorts performed 12 
identical mastoidectomy procedures in the simulator. 
In the distributed training program, participants were 
allowed to perform two procedures per session with 
at least three days between sessions. The massed 
training program consisted of performing all the 
procedures successively in one day. Each cohort was 
further randomized for simulator-integrated tutoring 
during the first five procedures or no simulator-
integrated tutoring at all. CL was estimated using the 
automated visual-cue secondary task system in the 
VR simulator. 

We found that the distributed practice program 
linearly and significantly reduced CL about 15 %. In 
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contrast, CL remained largely unchanged under 
massed practice conditions. Simulator-tutoring did 
not seem to affect CL and the effect could therefore 
be attributed to the distribution of practice blocks. 
This finding is in agreement with the motor skills 
literature, which finds that consolidation of memory 
is time-dependent,102 substantiating how the positive 
effects of distributed practice result from actual 
learning. 

 

4. Simulator-integrated tutoring 

4.1 Background 

Feedback is an integral part of motor skills 
learning.42 In surgical skills training, Reznick 
describes feedback as part of “cognitive apprenticeship” 
and lists steps that support this as modelling, 
coaching, scaffolding, articulation, reflection, and 
exploration.1 Unsurprisingly, feedback is an effective 
feature of SBT44 but needs to be considered as it 
might also negatively impact learning of procedural 
skills.103 The principles of DRSL also emphases 
providing direction and guidance.26,27 Altogether, 
there is a need to study feedback in VR simulation 
training of mastoidectomy and in the virtual learning 
environment, feedback might be automated but the 
appropriate way to deliver this to the learner needs 
research. 

Unique for temporal bone surgery in contrast to 
most other surgery, is the precision with which we in 
simulation can record, save and measure the removal 
of bone during a mastoidectomy procedure. This 
allows defining the volume that needs to be removed 
during the procedure as a reference for feedback and 
assessment of performance. Defining this volume is 
an example of how capturing the expert 
performance79 can be used to establish the learning 
parameters for SBT. 

The reference volume can for example be 
presented to the learner as summative 
feedback/assessment at the end of procedure (i.e., 
how much of the drilling was inside/outside of the 
reference volume).17,77 In our systematic review of 
performance metrics for mastoidectomy, reference 
volume metrics were found to have substantial 
validity evidence.78 

Another use of the reference volume is to 
concurrently green-light the volume to be drilled 
during the procedure.104 This is an intuitive and 
visual way of instructing the learner compared with 
traditional approaches such as text, illustrations, and 
videos, where the learner has to extract the 
information and then apply them during the drilling. 
The simulator-integrated tutor-function constitutes a 
learning support for concurrent feedback in the 
directed, self-regulated learning environment. 
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In our previous work, we have investigated the 
role of the simulator-integrated tutoring in relation 
to the learning curves of repeated performance.16 
Tutoring was unsurprisingly found to increase 
performance when active. However, performance 
dropped markedly when the tutor-function was 
discontinued, and several untutored repetitions were 
needed for performance to catch up with the 
performance of never-tutored learners. Interestingly, 
we found that distributed practice offered some 
protections against this tutoring over-reliance 
effect.16 

4.2 The effects of tutoring on 
performance 

In paper VI, we therefore wanted to explore the 
effect of simulator-integrated tutoring in more details 
and to investigate if using tutoring only 
intermittently would alleviate the negative effects of 
tutoring and increase the end-of-training 
performance. The study population consisted of 
medical students to have complete novices: one 

cohort of 16 participants practiced with stepwise 
instruction texts and images and in every third 
procedure additional color-coded simulator-
integrated tutoring in a distributed training program. 
Another cohort of 14 participants served as a 
reference and practiced using identical learning 
conditions including the stepwise instructions but 
never received tutoring. This enabled us to study 
both the immediate effects of tutoring on 
performance (i.e., effects while the tutor-function 
was turned on) as well as effects of intermittent 
tutoring on the cohort’s non-tutored procedures (i.e., 
effects on learning). Outcomes were final-product 
performance as well as simulator metrics. 

For the final-product performance (Figure 6), 
tutoring had a large and positive effect for the 
procedures where it was turned on (mean difference 
3.8 points out of 26 points, p<0.001) similar to 
previously found. In contrast to expectations, this 
did not translate to a better performance in 
subsequent non-tutored performances: overall, the 
reference cohort consistently performed superiorly 
to the intervention cohort (mean difference 1.4 

 
Figure 6. Learning curves of tutoring. Means plots with 95 % confidence intervals of final-product performance for the 
tutored cohort, according to tutored and non-tutored procedures, and the never-tutored reference cohort. 
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points, p<0.001). However, further analysis 
substantiated that this negative effect on learning 
was confounded by not removing enough volume: 
some items could not be positively rated because too 
little bone over the critical structures was removed to 
assess if the performance was “safe” and rate it 
positively. 

For the performance in relation to simulator-
metrics, tutoring resulted in a higher metrics-based 
score (MBS) and more procedures passing the 
standard set for the MBS, reflecting increased 
efficiency of drilling compared with the reference 
cohort. For individual metrics, the effects of tutoring 
on subsequent non-tutored performances were 
mixed: tutoring led to fewer collisions with the incus 
and the inner ear structures but also to more 
collisions with the ear canal skin and tympanic 
membrane as well as drilling more bone not directly 
visible (obscured). 

Overall, we found that intermittent tutoring in a 
distributed practice program failed to increase 
performance beyond the learning curve plateau, and 
even though there were a few positive effects on 
learning, this tutoring over-reliance effect was not 
mitigated. Continuous feedback by this sort of 
tutoring has only few positive effects that are largely 
outweighed by the negative effects on learning of the 
mastoidectomy procedure. Our findings are, 
however, limited in relation to participants, data 
collection, and outcome measurement, which is 
further unfolded in chapters 7.2 and 7.3. Altogether, 
tutoring in VR simulation training of temporal bone 
surgical simulation should be used with caution and 
might best be suited to introduce only the very first 
procedures to complete novices. 

 

5. Fidelity of simulation 

5.1 Background 

Fidelity of the simulation in relation to learning is 
much debated—how realistic does simulation need 
to be for learning? A recent systematic review found 
that for procedural skills training, “skill after training 
with low fidelity simulators was not inferior to skill after 
training with high fidelity simulators”.105 This conclusion 
might seem somewhat “inconclusive” in determining 
if fidelity affects learning but also highlights the 
problem with simulator fidelity typically being 
classified as “high” or “low”. This dichotomization is 
problematic because fidelity can be considered for 
example in relation to visual, tactile, or functional 
features of the simulator and especially for 
educational simulation, the effect of fidelity is 
complicated by learning context and interactions.106 
Hamstra and colleagues therefore suggest 
abandoning the term fidelity and instead consider 
physical resemblance and functional task alignment, 
with focus on the latter in establishing educational 
effects especially in order to enhance transfer of 
learning.106 In other words, the agenda should be to 
design simulation as a mean to improve learners’ 
real-life abilities and to hone in on the elements—
whether physical or otherwise—that actually 
contribute to this. 

For surgical skills training, physical resemblance 
of the simulation might be important as haptic and 
visual cues are required for a safe surgical 
performance. Systematic reviews have established 
haptic feedback in surgical simulation to improve the 
training effect107 and that 3D stereovision in 
laparoscopy seems to improve speed and reduce 
errors compared with 2D vision.108 

Less is known on the topic of physical 
resemblance in relation to learning in temporal bone 
surgery, but all major VR temporal bone simulators 
integrate haptic simulation as the drilling experience 
is a key element of the surgery. Further, in real-life 
temporal bone surgery, a surgical microscope is used 
to enable the surgeon to visualize the minute 
anatomy of the temporal bone and especially the fine 
visual cues such as the vascularization of underlying 
structures through a thin layer of bone. In paper II, 
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our data suggest that the latter is important for the 
performance during VR simulation of 
mastoidectomy: as the graphical realism increased for 
improved visual cues from simulator version 1.3 to 
3.0, the adjusted performance increased from 15.5 
points (estimated marginal mean, 95 % CI [15.1-
15.9]) to 18.3 points (estimated marginal mean, 95 % 
CI [17.4-19.2]). Nevertheless, more research is 
needed on the role of simulator physical resemblance 
and functional task alignment to improve SBT of 
mastoidectomy. 

5.2 The effect of ultra-high-fidelity VR 
simulation on performance and CL 

In paper VII, we wanted to explore VR simulation 
using an eyepiece from a digital operating 
microscope compared with the standard screen-
based projection used in our other studies. This 
eyepiece represents an increase in both simulator 
physical resemblance and functional task alignment 
since it mimics the operating microscope used 
during real-life surgery while increasing depth 
perception and clarity of projection. We chose to use 
the term “ultra-high-fidelity VR” (UHF VR) for this 
condition to separate it from conventional screen-
based VR (cVR), which is also considered high-
fidelity. 

We recruited 24 medical students and used a 
cross-over design to determine the effect of the two 
conditions (UHF VR vs. cVR) and their order. 
Participants had previously received eight hours of 
cVR simulation training related to CI surgery and 
were therefore well-acquainted with the Visible Ear 
Simulator. They were randomized to complete two 
partial mastoidectomies (up until the point of 
posterior tympanotomy) in cVR followed by two 
identical procedures in UHF VR, or vice versa, and 
allowed 45 minutes for each procedure. 

To investigate the effect on performance (primary 
outcome), we assessed final-product performances 
using a modified Welling Scale reduced to only the 
17 items relevant to the partial mastoidectomy. To 
explore the effect on CL, we measured secondary 
reaction time manually using a reaction timer (i.e., as 
the response time on a foot pedal to a beep). 
Measurements were done in repeated series and 

calculated relative to baseline measurement. 
We found that performances in UHF VR were 

significantly lower than those in cVR (mean 
difference 1.0 points, p=0.02) and that this was not 
affected by order (Figure 7). However, participants 
who were unable to achieve stereovision in UHF 
(despite our best efforts to optimize their view in the 
oculars) performed significantly worse regardless of 
condition. 

The group that received UHF VR simulation 
training first demonstrated a significantly higher CL 
increase relative to baseline than the group that 
received cVR first (28 % and 18 %, respectively). 
Adjusting for the order, the UFH VR condition still 
induced a 5 % higher CL than cVR (p=0.03). The 
ability to achieve stereovision in UHF VR only 
trended to impact CL. 

Altogether, this suggest that even for trained 
novices familiar with the simulation environment, 
increased physical resemblance and functional task 
alignment through the use of an operating 
microscope eyepiece did not benefit learning as it 
negatively affected performance and induced more 

 
Figure 7. Mean plots of final-product performance. 
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CL. This corroborates our finding in paper IV, where 
the high complexity of the dissection learning 
condition including the use of the operating 
microscope induced a much higher CL than cVR. 
Ultimately, improved instructional design and 
feedback might be of more benefit than further 
increasing realism of simulation, at least for novices 
and intermediary learners. 

6. Patient-specific simulation 

6.1 Background 

A holy grail in VR surgical simulation is patient-
specific simulation, which would enable the surgeon 
to rehearse and plan surgery for the individual 
patient in the virtual environment ahead of actual 
surgery. Potential benefits include increased surgeon 
preparation and confidence, increased efficiency and 
reduced operating time, and a reduction in surgical 
errors and complications.68,109 In temporal bone 
surgery, patient-specific simulation could help 
visualize and prepare for difficult anatomical variants 
and malformations, tailor treatment and surgical 
intervention including CI, and plan minimally 
invasive surgery.68,110 

Even though patient-specific simulation could 
benefit trainees as well as experienced surgeons, few 
options are available in temporal bone surgery and 
include tablet-based planning tools,67 3D-printed 
physical models,111 and VR simulation. A review 
from 2015 on VR simulation for pre-operative 
preparation in otologic surgery68 identified only a 
single study.71 Since then, another study has also 
evaluated a VR simulation system for pre-surgical 
practice and trainees perceive the system to be useful 
and to increase their confidence.112 Further, in a 
comparison with intra-operative recordings, patient-
specific simulation was accurate in the evaluation of 
the round window.113 

A major limitation of current patient-specific VR 
simulation of the temporal bone is related to the low 
graphical fidelity.71 This highlights the challenge in 
transforming clinical imaging datasets into usable 
models for patient-specific VR simulation. The 
required segmentation of the surgical anatomy in 
imaging datasets is time consuming and none of the 
previous systems have used a validated segmentation 
routine, so accuracy of segmentation is 
undetermined, which limits clinical use. 

The Visible Ear Simulator does currently not 
feature integrated processing of patient imaging 
datasets for VR simulation even though new models 
based on CBCT have now been integrated12 as a step 
towards future direct import. In contrast, the OSU 
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virtual temporal bone system (OSU-TB) was based 
on digital volume rendering of CT datasets 
(conventional CT/micro-CT) from its inception, 
which has enabled easy import of new datasets 
including clinical CBCT scans. These need to be 
processed for segmentation of relevant anatomical 
structures but this has largely been automated using 
an atlas-based algorithm, for which the accuracy has 
been validated against manual segmentation.73,74 

6.2 The potential of patient-specific 
simulation 

In paper VIII, we wanted to evaluate the OSU-TB 
system for patient-specific simulation including the 
visualization of the automated segmentation and 
perceived usefulness by trainees and experienced 
surgeons. 

We used 22 pre-operative and de-identified 
clinical CBCT datasets from adult CI candidate 
patients with normal anatomy. The datasets were 
processed using the automated processing pipeline, 
resulting in segmentation of the facial nerve, chorda 
tympani, and lateral semi-circular canal, which in 
addition to the bony structures such as the incus, 
constitute key surgical landmarks in CI surgery. Nine 
surgeons of different experience (four attending 
neurotologists, three fellows, two residents) were 
recruited from three institutions and performed 
temporal bone drilling relevant to CI surgery (i.e., 
mastoidectomy, facial recess and round window 
approach) on as many of the patient-specific cases in 
the OSU-TB simulator as their time permitted. 

After completion of each patient-specific case in 
the VR simulator, the participant completed a 
structured questionnaire on the utility of the 
simulation including simulator ease of use and reality 
of different aspects of the simulation, usefulness for 
presurgical planning, impact on appreciating 
anatomical subtleties, and perceived impact on 
trainee learning. 

Each surgeon completed an average of 16.5 of 
the 22 cases and each case was evaluated by at least 
six different surgeons. The surgeons generally 
reported favourably on the overall experience and 
71.6 % of the simulations were rated highly overall. 
Most simulations were reported positively in relation 

to the surgeon better appreciating anatomical 
subtleties with 10.7 % of simulations being reported 
as contributing to a significantly greater 
understanding of patient’s anatomy compared to that 
of standard imaging. These subtleties were especially 
related to the aeration of the mastoid and the width 
of the facial recess. 

The potential impact of patient-specific 
simulation for training was also rated positively with 
44.5 % of simulations being perceived of benefit at 
the resident level of experience and 37.7 % at the 
fellow level, indicating the relevancy of patient-
specific simulation even for more experienced 
surgeons. 

There was, however, room for improvement in 
relation to the simulator and the visualization in 
some of the patient-specific cases. For example, the 
feel of the drill was generally rated less favourably 
and surgeons found that the stapes and round 
window membrane were often poorly represented. 
Cases with little cortical bone or without bone over 
the facial nerve or chorda due to the limited field-of-
view in the scan were rated poorly. Another 14 
clinical scans were originally obtained but not 
included in the study due to poor scan quality and 
blurring/motion artefacts. This emphasizes the 
importance of adequate field-of-view and scan 
quality control at time of acquisition. 

The main limitation of the study was the few 
participating surgeons, who were recruited from our 
own institutions and who might be biased towards 
favouring simulation. Further, datasets were 
obtained retrospectively and could not be compared 
against real-life findings or observations for example 
from intraoperative video recordings. Finally, the 
evaluation consisted of surgeons’ opinions and 
perceptions after drilling the cases in the simulator. 
Nonetheless, our findings provide direction for 
future improvement of the system and also qualifies 
the potential of patient-specific VR simulation even 
in cases of normal anatomical variation. Comparison 
of patient-specific virtual drilling with post-operative 
imaging might contribute further validation of the 
accuracy before clinical evaluation. 
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7. Discussion 

This thesis explores SBT and assessment of 
mastoidectomy with a focus on VR simulation under 
the conditions of DSRL where the trainee has to rely 
on the deliberate design of the learning experience 
such as learning supports and structure of the 
training program. This further need to take into 
consideration individual learner needs, goals and 
previous experience. 

The overarching objective is to ensure that the 
learning potential of VR simulation is exhausted 
before the learner proceeds to clinical practice. A 
major challenge in temporal bone surgical training is 
the apparent performance plateau in the simulation 
environment, where there is still room for further 
learning and optimization of training. 

This thesis presents research related to the 
outside, inside and in-between conditions of VR 
simulation practice in temporal bone surgery to 
expand our current knowledge and set future 
direction for VR simulation as not only learning tool 
for novices but also as a valuable tool for 
experienced surgeons. In the following, I will 
attempt a birds-eye view on the main findings and 
implications, a comparison with current literature 
and a discussion of general limitations. This will 
leave many specific details and discussion points to 
the discussion found in the individual studies. 

7.1 Summary of main findings and 
implications 

First, we wanted to further the field in relation to 
valid and reliable measures of performance in 
mastoidectomy. This “outside” of simulation is 
important as accurate assessment is the basis for 
feedback and certification of skills both in SBT and 
in the clinical setting. Current assessment tools have 
limited validity evidence38 and/or require time-
consuming observation and rating of performance.34–

37 We therefore wanted to explore performance 
assessment based on simulator metrics (paper I), 
which can be used for automated and integrated 
feedback and assessment. Using the expert 
performance framework,79 we established pass/fail 
standards for proficiency-based training for both the 
new metrics-based assessment (MBS) and the well-

established final-product assessment (FPS) and also 
explored consequences of standard setting. 
However, our metrics-based assessment failed to 
capture important aspects of a safe performance 
whereas final-product assessment reflects a safe 
performance but little on process and efficiency. 
There is therefore a need to implement instructions, 
feedback, and assessment features that supports 
learning how to perform the procedure safely. 

Next, we pooled almost a decade’s worth of 
mastoidectomy assessments (paper II) and explored 
projections in reliability using G theory.88 This adds 
much needed validity evidence for our 
modification77 to the original final-product 
assessment tool37 but also led to some other insights: 
context variables and learning conditions affect 
reliability more than is mostly considered in the 
literature.114 We found that learner level, simulation 
fidelity, and learning curve affected reliability 
markedly, whereas organization of training and 
tutoring only had marginal effects on projections in 
reliability. Consequently, reported reliability for a 
surgical skills performance assessment tool should 
not be assumed a general trait because it seems 
closely linked to assessment context and learning 
conditions. This cautions generalization of reliability 
coefficients reported in the literature and warrants 
dedicated reliability studies whenever an established 
assessment tool is used in a different context. This is 
especially critical in high-stakes assessment such as 
for certification but also other consequential 
decisions such as when the trainee is ready to 
progress from SBT to clinical practice. 

Traditionally, basic temporal bone surgical skills have 
been acquired on human cadaveric temporal bones, 
which are an increasingly scarce and costly resource.3 
They should therefore be reserved for refinement of 
skills after other training modalities such as VR 
simulation have been exhausted. From an 
educational perspective, dissection training 
introduces several important layers of complexity 
necessary to bridge SBT to clinical training but this 
complex learning condition might also place high 
cognitive demands on the trainee. 

An important research agenda is therefore to 
optimize training leading up to dissection training 
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and ensure a minimal loss of skills due to transfer 
processes. Distribution of practice over time is well-
established in the motor skills literature as superior 
to condensated and massed practice.42 This “in-
between” of SBT is central because motor skills 
consolidation is time dependent.102 We therefore 
investigated the effect of distributed practice on 
transfer to the cadaveric dissection environment 
(paper III). We found a significant increase in 
dissection performance after structured and 
distributed practice compared with the standard 
three hours of VR simulation practice immediately 
before dissection at a traditional temporal bone 
course. This adds to current knowledge that even 
complex psychomotor skills, such as those required 
for mastoidectomy, transfer to a considerably 
increased performance in a higher complexity 
learning environment (i.e., dissection). 

That the dissection learning environment is 
challenging for the novice learner was further 
explored with the lens of CLT: according to CLT, 
cognitive demands that exceeds the capacity of the 
learner are unfavourable for learning.48 We therefore 
set out to investigate CL in the learning conditions 
of VR simulation and cadaveric dissection (paper IV). 
We found that dissection training induced a 
significantly higher CL in novices than the VR 
simulation training. Consequently, we wanted to 
explore whether distributed VR simulation practice 
could be used to reduce CL (paper V). For novices, 
we found that CL was significantly reduced at the 
end of distributed practice whereas it remained 
unchanged at the end of massed practice. This 
suggests that VR simulation training not only has 
positive effects on motor skills performance but also 
on cognitive aspects of learning most likely through 
the formation of more efficient mental schemata that 
are formed over time.51 The implication of this is 
that complexity of learning conditions should be 
considered in surgical skills training. 

The early learning curve plateau observed in VR 
temporal bone simulation training16,17 is a problem 
because distributed VR simulation training is only 
feasible if it can be self-directed, enabling practice at 
individual trainee’s convenience without requiring 
the presence of human instructors for feedback and 

guidance. The principles of DSRL emphasizes 
providing the learner with learning supports for 
direction, guidance and feedback to successfully 
scaffold the learning process.26,27 This requires 
deliberate design of the simulation learning 
experience with a consideration of the “inside” of 
simulation to determine the optimal conditions for 
learning. 

The Visible Ear Simulator has an intuitive and 
integrated tutor-function that can be considered a 
source of concurrent feedback because it visually and 
step-by-step guides the trainee to drill the reference 
volume of the mastoidectomy procedure. We have 
previously found that the continued use of 
simulator-integrated tutoring was problematic for 
learning but also that distributed practice seemed to 
mitigate some of the negative effects.16 Therefore, 
we hypothesized that intermittent tutoring could 
improve skills acquisition without the negative 
effects of tutoring over-reliance (paper VI). 
Nevertheless, intermittent tutoring resulted in poorer 
performances in non-tutored procedures compared 
with performances of never-tutored participants. 
Further, tutoring did not consistently improve safety 
aspects of the procedure such as collisions. This 
indicates that tutoring degrades motor skills learning 
and consequently, concurrent feedback such as 
tutoring during SBT of surgical technical skills 
should be used with caution. 

Another condition of SBT is the physical 
resemblance and functional task alignment (i.e., 
aspects of fidelity).106 Current VR simulators project 
the simulation onto a computer screen 
(with/without 3D stereovision) in contrast to 
cadaveric dissection and real-life surgery, where an 
operating microscope is necessary for magnification 
of the surgical field. We therefore introduced the 
eyepiece from a digital operating microscope into the 
VR simulation for an increased physical resemblance 
and functional task alignment (paper VII). We found 
that this did not benefit performance or CL of 
advanced beginners: this “ultra-high fidelity” VR 
simulation resulted in a significantly lower final-
product performance compared with conventional 
screen-based VR simulation and also induced a 
significantly higher CL in the learners. In other 
words, less complexity of the temporal bone surgical 
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simulation seems better for novices and how to best 
bridge simulation to real-life conditions requires 
further research. 

All of the studies in this thesis so far have used 
the same virtual temporal bone model for training. 
However, one of the features of SBT associated with 
positive effects on learning is case variation that can 
present the learner with a range of difficulty.44 This is 
important to support the progression from novice to 
proficient20 and simulation might be more valuable 
to experienced surgeons if it can be used for patient-
specific simulation. Patient-specific simulation allows 
planning and rehearsal ahead of surgery tailored to 
the individual patient based on clinical imaging and 
this holds great potential in temporal bone surgery.68 
However, patient-specific simulation is reliant on 
accurate segmentation of key surgical anatomy in the 
clinical imaging dataset, which is no trivial task. 

Recent developments of automated image 
processing using an atlas-based approach for 
temporal bone segmentation73 allowed us to explore 
the potential of patient-specific simulation in the 
OSU temporal bone simulator (paper VIII). We 
found that participating surgeons had a positive 
attitude towards the patient-specific VR simulation 
and found that it supported their understanding of 
the individual patient’s surgical anatomy. Further, 
surgeons perceived patient-specific simulation 
valuable in the training of residents and fellows. The 
patient-specific simulation is highly dependent on 
high quality clinical imaging and limitations were 
mostly related to narrow field-of-view and artefacts 
due to patient motion during scan acquisition. To 
unfold the clinical potential of patient-specific 
simulation for training and surgical planning, further 
validation is needed as well as methods for 
automated segmentation in cases of abnormal 
temporal bone anatomy such as vestibulocochlear 
malformations. 

7.2 Comparison with current literature 

An advantage of SBT and especially VR simulation is 
the possibility of automated assessment based on 
objective metrics with much more ease than tracking 
for example instrument movement during actual 
surgical procedures.115 Many commercially available 

VR simulators offer automated feedback and 
assessment based on an analysis of performance 
metrics such as time, path length etc. The selection 
of these metrics for assessment and feedback is, 
however, often not based on evidence at time of 
programming and are in best cases determined by 
manufacturers in collaboration with medical 
educationalists and clinical experts and later 
supported by research into validity. 

The field of VR temporal bone surgical 
simulation differs slightly from this because the 
available simulators were developed in academic 
environments and only one simulator has since been 
commercialized. Performance metrics have therefore 
been considered from the very beginning to track 
applied force on the drill near critical structures and 
to ensure that a safe performance is learned.6,116 A 
range of metrics relevant to mastoidectomy have 
been described in the literature and are supported by 
varying degrees of validity evidence.78 Nonetheless, 
implementation into the VR temporal bone 
simulators is limited and supporting validity evidence 
according to a contemporary validity framework was 
prior to paper I largely absent from the literature.38 

In contrast, there is reasonable validity evidence 
for (manual) structured assessment of 
mastoidectomy performance using different 
assessment tools in the context of intra-operative, 
cadaveric dissection, or VR simulation training.38 
Nonetheless, for none of these assessment tools, 
evidence-based pass/fail levels or cut-off scores for 
proficiency had been determined. This is necessary 
for the implementation of mastery learning.22 

Performance standards can be defined using a 
number of accepted methods such as Angoff (item-
centered), Hofstee (whole-test-centered), and 
contrasting groups (examinee-centered).117 In a 
recent systematic review, we found that the most 
commonly used methods for standard setting in SBT 
of surgical skills were based on the measurement of 
performance of groups of learners (i.e., examinee-
centered) including experienced learners/experts.118 
Correctly defining the group of experienced learners 
is therefore of great importance but actual 
experience varies considerably between studies, 
ranging from 30 to 4,000 procedures.118 Another 
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challenge is that the “experienced” group might have 
the required real-life surgical experience but this 
might not transfer immediately to the simulated 
setting. This was exemplified in paper I, where the 
experienced surgeons demonstrated a steep learning 
curve in VR simulation. This impacts standard 
setting and might set the pass/fail standard too 
low.119 

Reliability evidence for temporal bone surgical 
performance assessment consists mostly of studies 
on interrater reliability.38 In contrast to classical test 
theory, G theory can take different contributors to 
variance and measurement error into account.88 In 
medical education these facets might be learner, case 
difficulty, assessor leniency, etc. This enables a more 
detailed analysis of reliability but G theory is 
underemployed in surgical technical skills assessment 
and especially in simulation-based assessment as 
highlighted by our systematic review.114 

For FPA of temporal bone surgical performance 
on cadaver and plaster models, Fernandez et al. have 
previously explored reliability using G theory:90 a 
majority of the variance in performance was 
attributed to the inconsistent performance of 
learners. However, the number of performances 
included in the study was small and the raters were 
potentially confounded in the study design. In paper 
II, we pooled final-product assessment from a 
number of previous studies to include as many 
observations as possible to strengthen our G analysis 
and study the impact of different learning 
conditions. We found that most variance could be 
attributed to item difficulty and interaction between 
learners and items (item specificity). Item was not 
included as a facet in the G analysis by Fernandez et 
al. and was likely encompassed in the person 
variance. Ultimately, they conclude that using two 
raters assessing two performances per participant 
would yield satisfactory reliability of cadaveric 
dissection performance assessment whereas we find 
two observations (for example two raters assessing 
one performance) sufficient. This is on par with 
what is generally found in the literature.114 

From different motor skills domains, it is well-
established that repeated practice is necessary for 

psychomotor skills acquisition. For SBT in medical 
education, a dose-response relationship between 
amount of training and standardized learning 
outcomes has also been demonstrated.120 
Unsurprisingly, repeated practice is more efficient if 
spaced over time—so-called distributed practice—
and we have previously demonstrated that this is also 
true for a highly complex surgical procedure, i.e., 
mastoidectomy.16 Nevertheless, much temporal bone 
surgical training including our national temporal 
bone course and many similar courses throughout 
Europe3 are organized as single-instance, intensive 
courses with massed practice. This might be 
perfectly fine if the learning goal is just an 
introduction to the mastoidectomy procedure for 
basic knowledge. In that case, distributed VR 
simulation can be used to enhance skills prior to 
dissection to make best use of the cadaveric 
specimens. On the other hand, if the goal is to train 
surgeons to proficiency in the procedure, extended 
and distributed practice to an evidence-based level in 
simulation before supervised surgery should be 
implemented. 

It is therefore important to establish transfer 
from SBT and a meta-analysis by Lui and Hoy has 
verified the positive effect of VR simulation training 
on mastoidectomy performance in cadaveric 
dissection.121 However, paper III was the first to 
investigate the added effect of distributed VR 
simulation training on transfer, adding an important 
piece of information: namely that not only does 
performance transfer from VR simulation but 
increased amounts of practice has additional benefit. 
Ultimately, that VR simulation training transfers to 
OR performance remains circumstantial. Even 
though a recent study has explored distributed VR 
simulation training before supervised surgery in 
mastoidectomy, poor methodology—especially the 
lack of a control group—makes inference on transfer 
impossible.122 

CL is little studied in simulation across domains and 
even less in simulation for health care professional 
education.53 Measurement of CL is not straight 
forward because CL, as described in the 
introduction, is a construct that needs to be 
indirectly measured with subjective or objective 
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methods.52 In their review, Naismith and Cavalcanti 
further find that “inconsistent correlations between CL and 
learning may be related to issues of validity in CL measures” 
and recommend triangulation of CL through by 
different measurements.53 Altogether, there is limited 
and scattered evidence related to the role of CL in 
SBT and many different methods have been used 
across studies.53 

Different learning conditions might modify CL: 
they can increase CL due to information overload or 
decrease CL due to better structuring of instructions 
for easier cognitive processing.103 In paper IV and 
paper V, we presented data from measurement of 
secondary task reaction time to estimate the relative 
increase in reaction time compared with individual 
baseline measurement as a proxy for change in CL. 
We find that the increased complexity of the learning 
conditions (task and setting) during cadaveric 
dissection induces a CL in novices that is 
considerably higher than during VR simulation, and 
that repeated VR simulation reduces CL. We later 
added that distributed VR simulation practice can be 
used to reduce CL in subsequent cadaveric 
dissection.123 The increased complexity of using the 
operating microscope eyepiece in VR simulation in 
paper VII also increased CL compared with standard 
conditions. 

Nonetheless, establishing causality between CL 
and performance is difficult and even well-designed 
studies can only speculate that CL might be a 
mediator.99 Further, a high CL can be beneficial if it 
is within the cognitive capacity of the learner and 
constitutes germane load.51 Determining the specific 
components of CL being modified by learning 
interventions is also difficult but would really 
enhance our understanding of the underlying 
cognitive mechanisms. However, the components 
are impossible to separate through the secondary 
task methodology we used and require other 
methods. Ultimately, the construct and measurement 
of germane load remains debated.124,125 

Feedback during SBT is one of the features that is 
associated with positive effects on learning 
outcomes.44 This has also been found in VR 
simulation training of mastoidectomy where 
automated feedback messages related to technique 

and proximity to vital structures126 or tutoring 
through volume greenlighting16 increases 
performance. Unfortunately, this does not seem to 
translate into actual learning because performance 
was found to drop markedly after discontinuation of 
the feedback even though distribution of practice 
mitigated some of the negative effect.16 As 
demonstrated in paper VI, using the tutoring 
intermittently did not result in better learning. 
Altogether this corroborates the problem with 
concurrent (on-going) feedback that was also found 
in a review on feedback in simulation-based 
procedural skills training: tutoring over-reliance can 
result from concurrent feedback and terminal 
feedback seems to produce better long term 
learning.103 Tutoring over-reliance can be understood 
through the guidance hypothesis of the motor skills 
learning framework: learning is degraded by 
continuous feedback during the skills acquisition 
phase.127 Altogether, there is little evidence to 
support the use of concurrent feedback in 
distributed training. In contrast, we have recently 
found a large and positive effect of using summative 
feedback based on metrics during distributed VR 
simulation training: this led to a significant 
improvement in final-product score, metrics-based 
score, and number of collisions—and this increase in 
performance was retained after 2–3 months 
compared with a control group that never received 
summative feedback.128 

Fidelity has for many years been a hot topic in 
medical education, but as discussed previously, there 
is little to indicate that high fidelity is better than low 
fidelity simulation for procedural skills training.105 
Further, the concept of fidelity and especially the 
dichotomisation into low and high fidelity is 
problematic.106 Unfortunately, we chose to label our 
addition of an operating microscope eye-piece in 
paper VII as “ultra-high fidelity” VR simulation. Indeed, 
the microscope eyepiece has “ultra-high” resolution 
and enables a better appreciation of key visual cues 
in surgery compared with our standard PC screens. 
It should also enable improved 3D stereovision 
compared with the anaglyph stereo glasses that can 
be used with the Visible Ear Simulator. Despite the 
unfortunate terminology, our introduction of the 
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microscope eyepiece represented an attempt at 
increasing physical resemblance and better 
mimicking real life conditions where an important 
task is learning to view the surgical field through a 
microscope while handling the instruments. In 
contrast to our actual findings, we had expected that 
this would lead to an increased performance, 
similarly to what has been found for 3D stereovision 
in laparoscopy.108 

In relation to the effects on CL, we speculated—
and confirmed—that the increased realism and 
thereby complexity could increase the cognitive 
demands on the novice learner. As technology 
advances, we might be tempted to adopt these 
technological innovations in the hope that it will 
benefit our learners. Recently, we explored the use of 
head-mounted displays for immersive VR simulation 
of laparoscopic surgery where the simulation was 
virtually situated in a recorded operating room with 
simulated events (stressors).129 This induced a 
significantly higher CL and resulted in a poorer 
performance compared with conventional VR 
simulation training.129 This is yet another example 
that increasing physical resemblance and functional 
task alignment might not benefit learners, especially 
if they are novices. Even though evidence remains 
meagre, increased physical resemblance and 
functional task alignment might still have a place for 
more advanced learners.105 

There is increasing interest in using patient-specific 
simulation in medical education but the supporting 
evidence is mostly limited to studies of feasibility and 
utility.130 From an educational perspective, paper VIII 
adds little new: patient-specific simulation in the 
OSU temporal bone simulator is perceived to have 
potential in the training of surgeons. But in terms of 
streamlining the image processing and minimizing 
manual steps while producing accurate segmentation 
of temporal bone structures, paper VIII constitutes 
an important step towards clinically feasible patient-
specific simulation. Other groups report that 
processing for patient-specific VR models averages 
20–30 minutes per case70,71 and similar to our 
findings, some clinical scans were not even usable 
for VR simulation.71 Arora et al. further report that 
the visualization of key structures such as the lateral 

semicircular canal and facial nerve was found to be 
insufficient.71 Improving segmentation and rendering 
for patient-specific simulation was therefore 
warranted and our work contributes to this. 

The perspective of patient-specific temporal bone 
simulation goes beyond that of being merely a 
training tool: it might be used to plan surgical 
interventions, to explore different surgical 
approaches, and to choose for example the optimal 
CI electrode. This requires further modelling in the 
simulation data as clinical imaging modalities for 
example do not allow the scala vestibuli and scala 
tympani of the cochlea to be discerned. Augmenting 
the OSU temporal bone atlas73 with the OpenEar 
datasets,11 we demonstrated that the cochlear 
microstructures can be modelled in clinical CBCT 
imaging datasets.76 We further used this modelling in 
pre-operative CBCT scans to determine CI electrode 
position in post-operative imaging.131 This has 
similarly been accomplished by a group at Vanderbilt 
using statistical shape modelling.72 However, the 
untapped potential of such modelling combine it 
with pre-operative, patient-specific VR simulation to 
plan and guide surgery. This might lead to improved 
patient outcomes132 because the CI electrode 
position cannot be changed after insertion, and 
consequently the first CI insertion has to be the best 
possible. Ultimately, patient-specific simulation is an 
innovation that might prove useful not only for 
training but also for clinical applications. 

7.3 Limitations 

The limitations specific to each study have been 
discussed in the papers and in the following some 
more general limitations will briefly be discussed. 

Solid empirical knowledge on the effects of 
different learning conditions and strategies require 
multiple studies40 with interventional methodology, 
relevant comparisons, valid and reliable assessment 
outcomes including different outcome measures 
such as performance, learning curves, and skills 
transfer. This might entail randomized, clinical trials 
(RCTs) but these are not always the most 
appropriate study design in medical education.40 We 
have therefore used a variety of different study 
designs to balance what was possible within the 
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confinements of setting, recruitment, time and 
economy, and research objective. 

Most of the included studies compare different 
groups of learners exposed to learning interventions 
for example distributed practice or simulator-
integrated tutoring. In most of these papers, we have 
termed the different groups of learners “cohorts” as 
they were defined by their participation in a specific 
learning event or condition rather than randomized 
for intervention or control; and the studies have 
accordingly been termed “educational cohort study”. 
Nonetheless, this terminology can be challenged as it 
can also be argued that the studies are experimental 
with prospective collection of data rather than a pure 
observational design as cohort study could imply. 

In some of the studies, data on multiple 
outcomes were collected and analysed separately 
with the lens of a specific medical educational 
theoretical framework or concept. Advancing and 
refining different conditions of learning requires 
deeper insights into the different effects in order to 
understand mechanisms and modes of action 
through a combination of methodological 
approaches. This combined data collection has not 
been clearly acknowledged in the individual papers 
and it can therefore be questioned whether for 
example measurement of CL through the dual-task 
methodology could have affected the primary 
performance outcome. However, the serial 
measurement of reaction time during simulation 
takes 30–60 seconds which constitutes a very limited 
interaction in the 30–90 minutes used for the total 
mastoidectomy procedure and this was not 
conceived or observed to impact final-product 
performance as it did not require the participant to 
stop drilling. 

The included studies have primarily relied on 
quantitative outcome measures in controlled study 
designs. The controlled setting can serve as an 
educational laboratory where we can define the 
parameters and specify the learning conditions and 
thereby increase the signal-to-noise ratio. This 
facilitates interpretation of results and allows us to 
study in detail the effects of learning conditions in 
the simulation environment. Nevertheless, this is at 
the cost of generalizability to other contexts133 and 
also presents a major challenge—namely achieving 

similar results when implementing learning in the 
complex reality of real-life settings, where many 
other variables might modify effects. 

In several of the studies in this thesis, medical 
students were used to represent novices because of 
the very limited number of residents available. This 
could also have potential implications for the 
generalizability of the findings because effects on 
more advanced trainees such as residents and fellows 
might be very different especially for complex, 
subspecialized procedures such as mastoidectomy 
where prior knowledge, experience, and motivation 
plays a large role. 

Next, our results highlight that there is still room 
for improvement of VR simulation-based training of 
temporal bone surgery under DSRL conditions. The 
literature provides a number of instructional design 
features that are associated with effective simulation-
based learning44 and more of these should be 
explored in the context temporal bone surgical 
training. Increasing what can be learned with 
simulation-based methods and minimizing loss to 
transfer processes can potentially further reduce the 
costs of subsequent clinical training. This includes 
reducing the amount of practice needed in the clinic 
and increasing patient outcomes including patient 
safety because the initial phases of learning, where 
errors are more likely, takes place in the simulation 
environment. For a number of reasons, the causal 
relationship between skills and patient-reported or 
clinical outcomes can be difficult to establish.134 In 
temporal bone surgery, this is even more difficult 
because of the small number of residents that are 
recruited into surgical otology and the number of 
years from initial training during residency to 
independent practice. This is one of the main 
reasons we have used the proxy of cadaveric 
dissection performance to estimate effects on 
transfer despite this only reflecting context transfer.47 

Learning curves are useful and yield deeper 
insights than end-of-training results alone.41 Often, 
learning curves are reported with immediate 
performance measures as the learning outcome and 
should therefore more precisely be termed 
performance curves.135 In the case of distributed 
practice, an element of retention is introduced into 
the resulting curve and this arguably brings it closer 
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to representing an actual learning curve, which is the 
reason we have termed the performance curves 
presented in our studies as learning curves. 
Regardless of terminology, these curves can be used 
to optimize instructional design and training 
programs and because both clinical and simulation 
training is expensive, we naturally want to achieve 
high-quality training but minimize the time needed 
for training and optimize the outcomes of training. 
The costs of SBT include the time the trainee uses, 
the time other people use (technical support, 
feedback and assessment, administrative support), 
equipment and maintenance costs, and loss of 
production costs if the trainee’s time is dedicated to 
SBT over clinical duties. The costs of clinical training 
are even more complex and also involves human 
costs related to errors. 

There is, however, an important consideration in 
relation to the use of learning curves to optimize 
training programs: even though the learning curve 
seems to plateau and the rate of learning slows 
down, the learning potential is not necessarily 
exhausted. A substantial amount of further practice 
might be required for true mastery. Furthermore, 
there might be improvement in other outcomes of 
learning from such “overlearning”,136 reflected for 
example in increasing automaticity137 and as we 
demonstrated in paper V, a reduction of CL. 
Ultimately, a single-minded focus on accelerating 
performance during training can lead to poorer long 
term outcomes (the performance-learning 
paradox).138 Consequently, SBT of surgical skills 
should balance efficiency of training and also ensure 
that the learning potential of SBT is close to 
exhausted, which is the pivot of this thesis. 

A final discussion is on the limitations of 
expertise as a guide for training and training 
outcomes. In the framework of mastery learning,22 
the individual trainee must practice until proficiency 
at a predefined level. This level can for example be 
determined by the expert performance approach.79 
However, as we demonstrated, most performances 
of the experienced surgeons did not achieve the 
highest possible score. There are several potential 
explanations for this such as the experienced 
surgeons’ inexperience with VR simulation, that 
important visual or haptic cues are missing in the 

simulation, or that real life is more forgiving and 
minor injuries are not seen in real tissues in contrast 
to the VR simulation. 

Novice and expert performance comparisons 
such as those we used to develop our metrics-based 
score and establish proficiency levels can be 
problematic if cause and effect relationships are not 
considered.86 Insights into how expertise is 
developed such as through deliberate practice139 is 
not only useful for the designing training for novices 
because as the learner advances, other mechanisms 
come into play resulting for example in the 
“expertise reversal” effect.60 This needs to be 
considered as SBT in the future is expanded to 
involve higher complexity learning environments 
(i.e., with increased physical resemblance and 
functional task alignment) and advanced procedures, 
targeting learners that are beyond the novice level. 
With patient-specific simulation of temporal bone 
surgery and simulation of advanced procedures such 
as CI surgery potentially moving into the clinical 
realm, considering the use of SBT for experienced 
learners is increasingly relevant. 

The work presented in this thesis adds several 
important pieces to the current status of VR SBT 
and assessment of mastoidectomy based on 
contemporary medical educational frameworks. In 
most studies, our findings corroborate what is 
expected from theory and studies on other 
procedure. So why would something different be 
expected? Mastoidectomy is a highly complex 
procedure, that requires spatial understanding of 
important anatomy and fine motor skills. The 
complexity of the mastoidectomy procedure is even 
higher in SBT using cadavers and in real-life 
compared with VR simulation, and much research 
on CL and motor skills learning comes from other 
domains or studies simpler tasks. Generalizability is a 
double-edged sword where generalizability from one 
context to another might be desired but also limited. 
Hopefully, our results on a single procedure also 
translate to SBT of other complex surgical 
procedures despite the limitations related to study 
design and methodology, participants, outcomes, 
learning task and conditions. 
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7.4 Perspectives and future directions 

Many of the perspectives of SBT in temporal bone 
surgery and directions for future research has been 
hinted in this thesis already. 

First and foremost, self-directed VR simulation 
training should be the gold standard before further 
refinement of skills on human cadaveric temporal 
bones. The potential of VR simulation training far 
surpasses the use of VR simulation as a brief 
introduction immediately before dissection. VR 
simulation training should be systematic and 
structured around proficiency-based training, which 
can only feasibly be achieved through automated 
assessment for summative feedback. Further 
research will be needed to define levels for 
commencing supervised surgery and for simulation-
based certification.  

With the implementation of automated 
assessment based on our metrics-based score and 
with supporting tools to ensure learning a safe 
performance, it would be feasible to require trainees 
to achieve proficiency in the simulator before 
participation in cadaveric dissection courses. The VR 
simulator setup is relatively inexpensive, requires 
little maintenance, and is favored by trainees, which 
altogether makes decentralized and local training 
feasible. Consequently, any training department 
should make VR temporal bone simulation available 
to trainees. This would truly allow the systematic 
integration of VR simulation training into the 
curriculum. Nonetheless, implementing extensive 
distributed SBT into the surgical curriculum remains 
a challenge despite the evidence of its efficacy and 
needs to be addressed by educational stakeholders 
including program directors. 

For the training of novices, there is still a need to 
develop and investigate other learning supports for 
DSRL. This could for example be to provide a 
variety of cases for training and ensuring motivation 
by introducing elements and strategies from gaming 
that could motivate the trainee. Tailoring feedback, 
instructions and case difficulty based on the 
individual trainees’ performance and progression 
monitored by automated assessment would allow 
adaptive training programs.49 

Increasing physical resemblance and functional 

task alignment is challenging but there is a need to 
further bridge the gap between SBT and real-life 
conditions and this is another important direction of 
research and future development relevant to 
advanced trainees, who have different learning 
needs, experiences and goals compared with novices.  

Finally, clinical use of temporal bone simulation 
for patient-specific simulation based on clinical 
imaging might prove valuable for rehearsal of 
surgery ahead of time, for surgical planning and 
intervention, and for precise intra-operative 
navigation to further improve patient outcomes.  
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8. Conclusion 

What we do outside, inside and in-between VR 
simulation matters: from valid and reliable 
assessment over instructional design and learning 
conditions to organization of practice and bringing 
simulation into the clinical setting. 
The main conclusions that can be drawn from the 
studies included in this thesis are: 
1. Metrics-based assessment might have a role for 

automated summative feedback and proficiency-
based training but needs to be used in 
conjunction with other mechanisms to ensure 
that a safe performance is also learned. 

2. Distributed VR simulation practice increases 
performance and reduces CL and acquired 
technical skills transfer to the cadaveric dissection 
environment where CL is found to be higher for 
novices. 

3. Simulator-integrated tutoring and the use of 
operating microscope eyepieces during VR 
simulation are unfavorable for learning. 

Altogether, the optimal simulation-based surgical 
skills training program supports DSRL with 
distributed practice to facilitate cognitive processes 
of learning, motivate the trainee, and provide 
direction and balanced feedback. 

Future work will need to investigate how such 
distributed practice can be integrated into the 
training curriculum for example through 
decentralized training; how other training variables 
such as case variability affects performance, transfer 
and cognitive processes; and how feedback and 
assessment can be integrated for mastery learning. 
This could lead to optimized, adaptive training 
programs that automatically tailor the VR simulation 
training program to the individual trainee’s needs 
based on performance, progression, and training 
objectives.  

Ultimately, VR simulation will be useful beyond 
novice training and offer a valuable platform for 
tailoring surgery to the individual patient through 
patient-specific rehearsal and surgical planning in the 
simulation environment ahead of surgery. 
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