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Summary in English

Mastoidectomy is a fundamental but important procedure in ear surgery. Performing the procedure
requires good surgical skills as drilling takes place in close relation to the facial nerve, controlling
facial expressions, the dura, the membrane surrounding the brain, the vestibular organs, controlling
the sense of equilibrium, ossicles, and larger vessels of the brain. Consequently, excellent training
in the procedure is required.

Cadavers have been the gold-standard for simulation-based training for many years. This moves
initial training away from the operating room and offers a risk-free alternative to operating on real
patients. However, a decline in availability of cadavers suitable for temporal bone training has
created interest for other training alternatives. Cadaver training is typically organized as formalized
dissection courses, rarely available locally at the departments, limiting access to training. Virtual
Reality (VR) simulation addresses these problems and is highly beneficial for accelerating trainees’
mastoidectomy skills. Moreover, VR simulation enables competency-based training where trainees
can progress in training only when demonstrating the ability to perform a certain task. Nevertheless,
VR training lacks essential physical aspects of the procedure such as the use of a microscope and
otosurgical drill handling. For this training, 3D-printed models are recognized to hold great
potential as the interaction closely mimics that of cadaveric bones. However, little is currently
known about the educational value of 3D-printed models, how to manufacture them most
effectively, and how to best implement this alternative training modality in the temporal bone

training curriculum.

This thesis aims 1) to map the existing knowledge on manufacturing 3D-printed temporal bone
models and the current educational evidence supporting their use for training, 2) to create a cost-

effective 3D-printed model that can be manufactured locally at clinical training departments, 3) to



collect educational validity evidence for using the model for training purposes according to a
contemporary validity framework, 4) to evaluate how surgical skills acquired on the model transfer
to cadaver dissection and 5) to evaluate the reliability of video-recorded assessment of
mastoidectomy compared with physical assessment, opening the possibility of remote assessment

and decentralized training.

First, we conducted a systematic review of the use of 3D-printed models for the training of temporal
bone surgery. We found that it is feasible to 3D-print temporal bone models, albeit a variety of
material and print technologies are used and there is currently no consensus on how to manufacture
these models most effectively. Altogether, considerations on technical knowhow, time available,
and price are important when choosing how to print a training model. We found that rather than
assessing if training using 3D-printed models improved surgical performance, most studies only

evaluated their models using expert and/or trainee opinion (e.g., whether the users liked the model).

We then designed a new 3D-printed temporal bone model for training purposes. We created a
printable file from a digitized human temporal bone and printed the model using an inexpensive
consumer-grade printer. We applied some minor modifications to the printer installing a direct drive
and ruby nozzle. These modifications increased the number of successful prints and enhanced the
durability of the printer. The model was printed using a unique plastic filament with a high load of
chalk for mimicking bone properties. After printing the model, the facial nerve, dura, and sigmoid
sinus (blood vessel) were represented by manually inserting a yellow 1 mm wire (to represent the
facial nerve), and colored latex layers (to represent the dura and sigmoid sinus). Eleven ORL
trainees attending a temporal bone course found the model to be a suitable training tool for learning

the mastoidectomy procedure.
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In the third study, we systematically collected validity evidence for using the 3D-printed model for
mastoidectomy training according to a contemporary validity framework (i.e., Messick’s
framework). We used drillings from trainees and expert otosurgeons to establish a pass/fail score of
21 out of 25 points on a modified Welling Scale (a well-established assessment tool for the
mastoidectomy procedure). This score can be used for competency-based training and guide
training progression e.g., when a trainee is ready to progress to cadaver training. Using
generalizability theory (G theory), we found assessments of the 3D-printed model to be highly
reliable. Subsequent decisions (D) studies established that one rater assessing two performances or
two raters assessing one performance would be sufficient for a reliability level suited for high-

stakes assessment.

In the fourth study, we investigated whether mastoidectomy skills training with 3D-printed models
transferred to performance on a human cadaver. ORL residents received three hours of self-directed
mastoidectomy training on the 3D-printed model and then performed a mastoidectomy on a human
cadaver. The cadaver performances were then compared to the performances of residents who
completed similar amounts of VR SBT in a previous study. Cadaver mastoidectomy performances
substantially improved after training with 3D-printed models, suggesting that skills do transfer to

cadaver surgery.

Lastly, in the fifth study, we compared the reliability of assessment using video-recordings with

direct physical assessment. We found that the reliability of assessment using video-recordings was

similar to that of physical rating. This supports that reliable assessment in a decentralized setting is
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feasible as video recordings can easily and instantly be shared for assessment rather than physical

specimens (drilled temporal bone models) being transported to the raters.

Altogether, the studies in this thesis provide evidence for using 3D-printed models for temporal

bone training and offer key knowledge for training departments implementing such models in their

surgical training curricula.
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Summary in Danish

Mastoidektomi er en fundamental men vigtig procedure i erekirurgi. Ved proceduren benyttes et
operationsmikroskop og en del af tindingebenet udbores ved brug af otokirurgiske bor. Boringen
foregar i et meget komplekst anatomisk omrade og man borer i taet relation til ansigtsnerven, som
styrer ansigtsmotorik, hjernehinden (dura), ereknoglerne, balanceorganerne, og sterre kar som
forsyner hjernen. For ikke at kompromittere patientsikkerheden, er det derfor nedvendigt med god
kirurgisk treening forud for superviseret kirurgi.

Tidligere har brug af kadavere veret guldstandarden til at treene proceduren. I modsetning til
kirurgi pa rigtige patienter, udger kadavertrening et risikofrit leeringsmiljo til gavn for bade
uddannelsessogende og patienter. Desverre er tilgeengeligheden af kadavertraening faldet og man er
derfor begyndt at interessere sig for alternativer. Ydermere er kadavertraening ofte indrettet som
dissektionskurser. Sddanne kurser lober over fa dage med meget treening pa kort tid. Dette har vist
sig at fore til dérligere lring sammenholdt med at sprede den samme mangde trening ud over
leengere tid. Virtual Reality (VR) simulationstraening kan adressere nogle af disse problemer og har
vist sig at veere en effektiv made at udvikle uddannelsessegendes kompetencer. I gvrigt kan VR-
simulationstraening understotte kompetencebaseret leering, hvor uddannelsessegende forst avancerer
1 deres treening nar de har opndet et preedefineret kompetenceniveau. VR-simulationstrening
mangler dog mange fysiske aspekter af proceduren, inklusiv brugen af bor og operationsmikroskop.
Til dette formal forventes det at 3D-printede tindingebensmodeller kan have et stort potentiale. Pa
trods af de abenlyse fordele der kunne vere ved at bruge sidanne modeller, mangler der fortsat
viden om den leringsmaessige verdi, hvordan man bedst printer modellerne og hvordan de bedst

implementeres i de eksisterende treeningsprogrammer.
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Denne athandling har til formél 1) at kortleegge den eksisterende viden indenfor produktionen af
3D-printede tindingebensmodeller, samt viden om hvilken laeringseffekt der er ved at traene pé disse
modeller. 2) At skabe en omkostningseffektiv 3D-printet tindingebensmodel som kan produceres
lokalt p4 uddannelsesafdelingerne. 3) Systematisk at samle validitetsevidens for brugen af disse
modeller til treening ved hjelp af moderne validitetsverktojer. 4) At undersege hvordan kirurgiske
ferdigheder tilegnet ved brugen af 3D-printede modeller overfores til et mere realistiske
treeningsalternativ, nemlig kadaverdissektion og 5) at evaluere palideligheden af video-baseret
vurderinger af mastoidektomi, dette for at 4&bne muligheden for fjernvurdering og decentraliseret

treening.

Forst udforte vi en systematisk gennemgang af den eksisterende litteratur omhandlende brugen af
3D-printede modeller til tindingebenstreening. Her fandt vi, at det er muligt at 3D-printe modeller til
treeningsbrug ved brug af mange forskellige printteknologier og materialer. Pa trods af mange
rapporter og brugen af flere forskellige teknologier og materialer, fandtes der ingen konsensus om
hvordan man bedst 3D-printer en tindingebensmodel. Alt i alt synes bdde tid, teknisk viden og pris
at veere vigtige elementer i overvejelserne nar man skal beslutte hvordan man vil 3D-printe en
tindingebensmodel. Ydermere fandt vi, at de fleste eksisterende studier ikke evaluerede om traening
pa modellerne forbedrede kirurgiske feerdigheder, men udelukkende undersegte eksperters og

uddannelsessogendes holdninger til simulationsbaseret treening med modellerne.

I andet studie designede vi vores egen 3D-printede model til tindingebenstraning. Vi brugte et
digitaliseret humant tindingeben til at skabe en printbar fil. Denne fil printede vi ved brug af en
bruger- og prisvenlig 3D-printer. For at have succesraten af print, samt senke behovet for

vedligehold, installerede vi et direct-drive og en rubin-dyse pa printeren. For at efterligne knogle,
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brugte vi et unikt plastik filament med et hejt indhold af kalk til at printe modellen. Efter modellen
blev printet, var det nedvendigt at imitere ansigtsnerven, dura og det store kar sinus sigmoideus.
Dette gjorde vi ved hjlp af en gul ledning samt et farvet silikonelag. Modellen blev evalueret til et
tindingebenskursus, og her rapporterede de uddannelsessggende at modellen, efter deres opfattelse

fremstod som et godt treningsredskab forud for kadaverdissektion.

I det tredje studie, samlede vi systematisk validitetsevidens efter et moderne validitetsframework
(Messick’s framework) for brugen af den 3D-printede model til tindingebenstraening. Ved brug af
boringer fra uddannelsessggende og erfarne kirurger, etablerede vi en bestaelsesgraense pa 21 ud af
25 point pa en modificeret udgave af Welling Scale; et evalueringsvarktej som bliver brugt til at
vurdere mastoidektomi-praestationen. Denne score kan bruges af uddannelsessggende som et led i
kompetence-baseret traening af tindingebenskirurgi f.eks. hvornar en uddannelsessegende er klar til
at gé videre til kadaver treening. I studiet brugte vi G teori til at vurdere reliabiliteten af
vurderingerne og fandt generelt at der var et hgjt niveau af reliabilitet. Ved hjelp af D studier, fandt
vi at én bedemmer skal vurdere to boringer, eller at to bedemmere skal vurdere én boring, for at

opna det reliabilitets-niveau der er kraevet for bedemmelser til brug af f.eks. certificering.

I det fjerde studie undersggte vi om mastoidektomi-evner tilegnet ved brug af 3D-printede modeller
kunne overfores til kadaverdissektion. En gruppe uddannelsessggende modtog 3 timers selvstendig
treening pd den 3D-printede model for boring af en mastoidektomi pa et kadaver. Kadaver-

praestationerne blev herefter sammenlignet med uddannelsessggende kirurger fra et tidligere studie.
Denne gruppe modtog VR-traening forud for kadaverdissektionen i stedet for 3D-printede modeller.

Vi fandt at de uddannelsessggende som havde traenet pa den 3D-printede model, klarede sig bedre

15



end den gruppe som havde modtaget VR-treening. Dette viser at mastoidektomi-treening pa 3D-

printede modeller har en positiv effekt pa den kirurgiske prastation pa kadavere.

Til sidst, i1 det femte studie, undersogte vi hvordan reliabiliteten bliver pavirket, ndr man bruger
videooptagelser i stedet for fysiske vurderinger af boringsresultatet. Her fandt vi, at fjernvurdering
ved brugen af videooptagelser har samme niveau af reliabilitet som ved fysiske vurderinger. Dette
betyder at den uddannelsessggende kan treene decentralt uden tilstedeverelsen af en supervisor,
men stadig modtage troverdig feedback pa sin kirurgiske preestation. Dette understatter den

kompetence-baserede trening.

Afhandlingens fund understetter brugen af 3D-printede modeller i tindingebenstrening. Ydermere,

kan dette arbejde hjelpe uddannelsesafdelinger i flere trin af implementeringen af disse modeller i

deres treeningsprogrammer.
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Introduction

Hearing loss is a rising problem globally and the WHO predicts that by 2050, nearly 2.5 billion
people will have some degree of hearing loss. In this group, at least 700 million will require
rehabilitation services.! Untreated hearing loss is associated with social isolation, depression and
dementia.>* Unattended hearing loss is currently estimated to cost nearly 1 trillion international
dollars a year.! Otosurgical procedures can improve or recreate hearing in patients with congenital
or acquired hearing loss, where conventional hearing aids alone are insufficient. This includes
middle ear surgical procedures such as removal of cholesteatomas, reconstruction of the ossicular
chain (tympanoplasty type II-1V), Bone Anchored Hearing Systems (BAHS) for conductive hearing

loss and Cochlear Implantation (CI) for profound sensorineural hearing loss.

Several of these procedures involve drilling the temporal bone in close relation to important
anatomical structures. Therefore, excellent surgical skills are required, necessitating repeated
practice. When novices start to learn the procedure, they are naturally prone to making mistakes due
to their lack of experience.’ For that reason, simulation-based training (SBT) has prospered during
the last decade in all surgical specialties including in otorhinolaryngology.®® SBT offers trainees
the possibility to develop skills in a risk-free environment by moving the initial learning outside the
OR, for the benefit of both patients and trainees. Overall, simulation-based training has a positive
effect on knowledge, skills and patient-related outcomes, meaning that the old paradigm of “see

one, do one, teach one” is increasingly obsolete.’

In temporal bone surgery, cadavers have traditionally been the gold-standard for simulation-based

training. However, a shortage in availability remains a major challenge and limits the possibility of

a sufficient amount of training.!® Animal models are not a suitable alternative due to species
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differences, and this has led to an increased interest in developing other alternative training
modalities.!'~!3 VR simulators are, for now, the most frequently used alternative and has repeatedly
been found to be an effective training tool.>!* VR simulation offers the trainee haptic drilling and a
realistic visual representation, but lacks important physical aspects of temporal bone surgery such as
drill and microscope handling. Physical models, either cast- or 3D-printed, are other alternatives
that support the training of instrument-handling but educational evidence on their effectiveness is
lacking.!> As 3D-printing technologies advance, and printing costs decrease, 3D-printed models are
perceived to hold great potentials in the future of temporal bone training and several studies have
described the creation of such models.'®"!* However, for 3D-printed models to be relevant, the
educational effectiveness, and how best to implement them in the surgical curriculum, must be

established. This thesis aims to investigate 3D-printed models as a tool in training of temporal bone

surgery.
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Background
Mastoidectomy

Mastoidectomy is considered a fundamental and very important procedure in otologic surgery. The
procedure is used for several purposes such as treatment of acute mastoiditis, removal of pathology
including cholesteatomas but also for accessing the middle or inner ear for removal of vestibular
schwannomas or restoring hearing through cochlear implantation.?’-2> A mastoidectomy comprises
drilling away the air-filled cells in the mastoid bone using an otosurgical drill and suction/irrigation,
while the surgical field is magnified by a microscope.?’ The temporal bone houses key anatomical
structures such as the facial nerve, chorda, dura, sigmoid sinus, ossicles and semicircular canals.
These structures serve as surgical landmarks and boundaries. A precise comprehension of the
anatomy as well as the acquisition of fine motor skills are therefore crucial for avoiding injury and
serious adverse events.?2* Such incidents include facial nerve injury, brain injury, vertigo,

bleeding, or iatrogenic hearing loss.?

Acquisition of surgical skills

Becoming a good surgeon is challenging and puts high demands on both knowledge and fine motor
skills. The overall goal for all future surgeons is to rapidly escalate expertise to perform accurate
and safe surgery. Several theoretical frameworks describe the acquisition of motor skills and one of
the most widely used theories is the Fitts-Posner division of motor skills learning.’ In this theory,
learning is divided into three stages: the cognitive, associative, and autonomous stages. In the
cognitive stage, the trainee understands the task but must keep attention on every movement, which
the trainee performs slowly and inconsistently. With repeated practice, the trainee reaches the

associative stage and become more fluent, and movements are occupying less cognitive capacity. At
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the final, autonomous stage, the trainee performs the task with accurate and efficient movements

with minimal mental effort.>>4-26

This transition does not depend strictly on the duration of training or the number of repetitions of a
procedure but evolves from continued and deliberate practice?”*® adjusted to accommodate
individual differences.?” According to Ericsson, experience and repeated practice are necessary but
not sufficient for true expertise.?®?’ Instead, true expertise depends on continued and cognitively
engaged efforts to improve.?® Deliberate practice comprises elements such as feedback, error
correction/monitoring, motivation, clearly defined goals, and progression.?®3° One way to support
such training is through the instructional concept known as mastery learning.®! In mastery learning,
trainees must achieve proficiency in one domain of training before proceeding to the next level.
Training must be supported by elements that relate to the concept of deliberate practice. Mastery
learning is relevant to competency-based training and dictates that educational progress is based on

demonstrated competency rather than time spent on training.?

Despite the Fitts-Posners division, trainees have traditionally obtained surgical skills primarily by
supervised surgery (i.e., the apprenticeship model). This means that even the early stages of
learning happen in the OR. At this stage of learning, trainees are prone to mistakes,> of which are
undesirable when working with patients. Instead, simulation-based training is a way to move the
initial learning outside the OR, providing a supplement to clinical practice in a risk-free
environment.?>3 Also, simulation-based training can support elements of both deliberate practice

and mastery learning which can be difficult to integrate fully into the apprenticeship model.?*3?

21



Educational outcome measures

Evaluating the impact of educational interventions requires suitable outcome measures. Not all
educational outcomes are equally important and evaluations are therefore guided by taxonomy
levels. One widely used framework is Kirkpatrick’s four-level hierarchy of educational outcomes.**
Kirkpatrick’s model ranges from outcomes related to the learner’s reaction to the training
intervention (Level 1) to outcomes demonstrating actual training benefit on patient health/well-
being (Level 4; Table 1).3% In addition to being used independently in the literature, Kirkpatrick’s
hierarchy is also an integrated part of the Medical Education Research Study Quality Instrument

(MERSQI); a recognized tool for appraising methodological quality in medical educational

research.?¢-38 Kirkpatrick’s model has been criticized for only being focused on simple outcomes,

failing to evaluate the complex processes that can impact training.>%#°
Table 1 — Kirkpatrick’s level of hierarchy
Hierarchy Description of outcome
Level 1: Learners’ reaction Trainee satisfaction with the training i.e.

did the trainees enjoy it?

Level 2a: Modifications of attitudes/perception Reciprocal attitude or perception between
groups towards the training.

Level 2b: Acquisition of knowledge and/or skills Trainees demonstrate actual knowledge
and/or skill development after training.

Level 3: Changes in behavior Transfer from the learning environment to
the clinic.

Level 4a: Changes in organizational practices Changes in the care delivery due to the
training.

Level 4b: Benefits to patients Improvement in patient health/well-being.

*Modified from Hammick®®
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Transfer of learning

Skills acquired in a simulated setting are only relevant if skills can be transferred.*' Transfer of skill
is defined as the “application of knowledge and skills learned in one context to another”.** In
simulation-based training, “fransfer’” most often refers to skills learned in the simulated setting

443 “Transfer of skill” can also be between

impacting real-life performance, i.e., patient care.
different simulation modalities or two different procedures which share traits. Specific for
mastoidectomy training, skills obtained during VR training transfer to cadaveric dissection. This
means that VR simulation can be a relevant supplement to cadaver dissection which is a scarce

resource.!%*% In Study IV, we investigate the transfer of mastoidectomy skills from 3D-printed

models to cadaveric dissection.

Mastoidectomy training

Basic mastoidectomy skills have typically been acquired by cadaver dissection and supervised
surgery.®* Few institutions offer their trainees access to an open temporal bone lab where they can
perform cadaver dissection freely as needed.*® Cadaver training is typically organized during
national or international dissection courses comprising a few days of intensive training.'%!?

Such courses are costly and require dedicated instructors and dissection facilities. Further, most
trainees only drill one cadaver during a dissection course, limiting the possibility for repeated and
deliberate practice. VR simulators and 3D-printed models offer an alternative to cadaver dissection
and can be used locally at the department at the convenience of the trainees.*” While these
alternatives cannot substitute cadaver dissection entirely, they can serve as a supplement and offer
trainees more diverse training opportunities.

VR simulators are, for now, the more frequently used of these two and different simulators are

available both as freeware and commercially.!®!348 Currently the most well-known simulators are:
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The Ohio State University simulator (USA),* University of Melbourne simulator (Australia)>,
CardinalSim (USA),”! VOXEL-MAN (Germany)>? and the Visible Ear Simulator (VES;
Denmark)*?.

All these simulators use volumetric models built on either CT-derived data or cryo sections of fresh
frozen temporal bones and offer the trainees a haptic drilling experience.'*-** Further, they include a
range of learning supports such as integrated tutoring or automated feedback which is only possible

in a VR environment.> 7

Physical models, either casted or 3D-printed, offer the trainee a training experience closer to the
setup of real surgery. Instead of viewing a PC screen, the trainee operates under the surgical
microscope and the haptic device used in VR simulation is replaced with an actual otosurgical drill
(Figure 1). The first report on a physical model for temporal bone training was in 19988 with many
more being presented during recent years.®!* Nevertheless, integration of these models in the
surgical curricula has so far been limited for several reasons. First, the air cells of the mastoid bone
can be difficult to reproduce in a plastic model. Second, the haptic resemblance is often low as the
use of high-speed drills creates so much heat that the plastic melts. Third, the manufacturing cost

has been a barrier which, however, is decreasing due to technological development.®!3:13.59:60
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Figure 1 — VR training using VES (left) and training on a physical 3D-printed model (right)

Assessment of surgical skills

Assessment of surgical skills is essential in both clinical training and medical educational research.
Historically, assessment of surgical skills was largely informal and unstructured, based on hours of
training, number of procedures, or by using direct observations without well-defined assessment
criteria.®"%2 This is problematic as such assessment comes with a substantial risk of bias. The
structured assessment addresses this through tools, enabling a way to standardize and structure
observations, thereby helping the assessor to provide objective assessment of surgical
performance.®' This helps measure learning progress and is not only used for festing but can be a
powerful tool in supporting learning.%® Evaluating surgical technical skills using objective
assessment is a key element in competency-based training to ensure that trainees have reached a
certain competence level before progressing in their training.®* Further, assessment is a prerequisite

in medical educational research for measuring the effects of training interventions. This highlights
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the need for reliable assessments supported by validity evidence in many contexts of surgical

training including simulation-based training.

Validity

Validity evidence is scientific evidence supporting that an assessment measures what it is intended
to measure.® This is, according to Downing and Yudkowski, “the single most important
characteristic of assessment data”.® 1f assessments are not supported by validity evidence, the
interpretations based on these assessments are meaningless and no conclusions can be drawn from
them. This has implications for many aspects of surgical training including competency-based
training: If assessments do not reflect surgical proficiency, it is impossible to make any conclusions
on the level of the trainee. In summary, for competency-based training to be relevant, assessments
of performance must be supported by validity evidence. Validity evidence is not a dichotomous
outcome and no assessment can be deemed “valid” or “not valid”. Rather, validity research is
hypothesis-driven, either supporting or opposing the validity argument.®*¢ This unitary view on
validity has replaced the classic view consisting of four different ¢ypes of validity evidence (i.e.,

)'64

construct, face, criterion and concurrent Unfortunately, the use of this classic framework is still

very common in the surgical training literature.”-68

A widely accepted approach for gathering validity evidence is Messick’s framework. It consists of
five sources of validity evidence: Content, response process, internal structure, relationship with
other variables and consequences (Table 2).6466:69-71 A]] five sources add to the body of evidence
supporting the validity of an assessment; exploring the sources should be seen as an ongoing
process.®*7%72 Messick’s framework is widely accepted in the educational research community and

has been adopted by American Educational Research Association, the American Psychological
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Association, and the National Council on Measurement in Education for being the standard for
educational and psychological testing.”! In Study III, we used Messick’s framework to structure the

collection of validity evidence.

Table 2 — Overview of the different sources of validity according to Messick’s framework

Source Description

Content Relevance of the test/training tool content
when comparing this with the domain of
interest.

Response process Relates to the stringency in data

management/collection for eliminating errors
from test administrations etc.

Internal structure The reliability, reproducibility of a test result.
Relationship with other variables Correlations to other external, relevant and
independent measures.

Consequences Consequences of the test use and impact of
assessment
Modified from Assessment in Health Professions Education®

Reliability

Another important part of the validity evidence and Messick’s third source of validity (i.e., internal
process) is reliability. Reliability concerns the consistency of test results meaning that assessments
should be consistent if repeated multiple times under the same conditions.®® This is key in surgical
training as assessments should not only measure performance but also do so consistently. For
example, if a trainee must reach a certain score to pass a test, the assessment score should reflect the
“true” performance of the trainee. The observed test score reflects the “true” performance of the
trainee plus an error of measurement. When reliability levels are high, the observed test score

approaches the “true” performance and the risk of a non-competent individual passing a test is low.
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Contrarily, low-reliability levels would lead to the opposite situation. This emphasizes that

reliability is highly relevant for both researchers and educators.

Similarly, when looking at test scores across a group of trainees, variances in scores contain both

“true” scores (i.e., differences in skills) and error variances:”?

Observed variances = True score variance + Error variance.

In classic test theory, a reliability coefficient is calculated as the proportion of variance which

attributes to the trainees’ true performance:

True score variance

Reliability coefficient (ICC)= - -
y coeffi 1o True score variance + Error variance

Several factors contribute to the error variance including 1) how different raters assess
performances (inter-rater reliability), 2) the rater’s consistency over time (intra-rater reliability), 3)
if the items of the test itself are consistent with each other (i.e., internal consistency). However,
more factors can contribute to error variance which is not merely isolated to rater differences.
Therefore, classic test theory has been criticized for giving an overly simplified view of the

different contributors to the error variance.®>:’*

Generalizability (G) theory addresses this problem by classifying the error variance in multiple

different factors (named facets) which all affect the score.”* G analysis can estimate the contribution

of each facet, thereby helping to identify both large and small contributors to the total amount of
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error and estimating an overall reliability coefficient called a G coefficient.”*”> Based on G
analyses, so-called Decisions (D) studies can be conducted. D studies are statistical simulations of
multiple assessment scenarios, helping to estimate the effect on reliability when employing changes
to the original G study (e.g., how does it affect reliability to change the number of raters?).
Consequently, G theory can help researches and educators to optimize study designs or make

recommendations on conducting test/training programs.

Standard setting

Standard setting is the process of identifying when a trainee is competent or not.®> Standards can be
divided into relative (norm-based) and absolute (criterion-based) standards where the latter is the
most used for testing technical competence.®> An absolute standard uses a predetermined level
reflecting the minimum level of competence for a trainee. Standard setting, therefore, helps answer
the question: When is a trainee competent enough? This is a central element in competency-based
training.®>7® Nevertheless, establishing a credible standard can be challenging and several methods
apply for different situations, with no single gold-standard method.%>76-" Overall, methods for
standard setting can either be item-based (focusing on the content of the test) or examinee-based
(focusing on the performance of the examinees). In the item-based methods, assessors review the
test items and set the level for what they see as a “just adequate” performance. In the examinee-
based methods, assessors utilize the actual performance of a group of examinees for setting a
standard.®>8° Table 3 provides an overview of four common methods for standard setting, but many
more are found in the literature.?!

In Study III, we use the contrasting groups method for setting a standard in mastoidectomy training

using 3D-printed models. The contrasting groups method is an examinee-based method that uses the
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normal distribution of test scores between a group of experts and a group of novices setting the

intersection as the pass/fail level (Figure 2).93-%2

Table 3 — Common methods for standard setting

Method Category Description

Angoff Item-based Assessors estimate for each
test-item the proportion of
passings in a borderline group.
The average score of each item
is then summed up for setting

a standard.
Hofstee (the relative-absolute  Item-based Utilize agreements on the
compromise method) minimum and maximum

acceptable passing score and
failure rate by the assessors for
setting a standard.

Contrasting-groups Examinee-based Uses the distribution of test
scores for a proficient and
non-proficient group. The
intersection is set as the
standard.

Borderline-group Examinee-based Assessors identify examinees
with borderline performances.
The standard is set as the
mean/median score of the
borderline group.

Setting a credible standard is an important part of Messick’s 5™ source of validity, "““Consequences
of testing”. Cook et al. argue that “Both clinical and educational assessments can be seen as an
intervention. The act of administering or taking a test, the test interpretation of scores, and ensuing
decisions and actions influence those being assessed”.3? “Consequences of testing” addresses this,
and standard setting is at the center. For example, in certification exams, setting a wrong standard
could result in a non-competent individual passing or a competent individual failing. Both situations

would represent a problem as the non-competent who passed would constitute a threat to the
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patient, and the competent who failed could have been a resource in the clinic. Evaluating
consequences of testing and standard setting is therefore an essential part of the validity process.

However, the domain is infrequently reported in the medical educational literature.®”-?

Figure 2 — Contrasting groups method

Novices
e Experts

-10 -5 0 5 10 15 20

Example of contrasting groups method analysis. The x-axis represents an imaginary assessment
score between (0 and 20. The two bell curves represent the normal distribution of scores in an

expert and novice group. The intersection between the two curves (dotted line) represents the
pass/fail-level.
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Assessment of mastoidectomy performance

There are several tools designed for assessing mastoidectomy performance.**#4°2 The assessment
tools comprise Task-based Checklists (TBC), Global Rating Scales (GRS), and Final-product
assessment (FPA).88892 TBC includes statements and/or questions that can be scored based on the
direct actions of the trainee. GRS considers the performance as a whole and assessors are often
asked to rate the overall performance or global impressions based on parts of the procedure.”?
Contrary to GRS and TBC assessments, FPA strictly relies on the final result and does not include
any evaluation of the process. An advantage of FPA is that assessment can be performed at the end
of each performance and does not require the simultaneous presence of an assessor. Inconclusive
correlations between GRS, TBC and FPA for mastoidectomy assessment, highlight that the
different assessment tools reflect different aspects of the performance.®®

A well-known final product assessment tool, supported by extensive validity evidence, is the
Welling Scale (WS).8+86.9091 This assessment tool was developed at the Ohio State University and
has been used for grading mastoidectomy performances on cadavers, in VR simulation, and on 3D-
printed models, demonstrating good inter- and intra-rater reliability.348691.94

Originally, the WS consist of 35 items which are graded binarily (0 = Incomplete/Inadequate or 1 =
Complete);*¢! However, for reflecting the procedure in our context, the assessment tool has been
modified to comprise only 26 items for cadaver surgery and 25 items for 3D-printed model
performances (Appendix).”* The 3D-printed model used in our studies does not include a

representation of the chorda and consequently item 25 (Tympanic chorda exposed) cannot be

assessed.
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Additive manufacturing (3D-printing)

Additive manufacturing (AM) is the industrial application of 3D-printing, which is a wide palette of
technologies used for creating physical objects from three-dimensional digital models. Research on
additive manufacturing emerged in the 1980’s, and gained a foothold during the 00’s with many
new technologies being introduced.”> AM has since been widely adopted in the manufacturing
industry and is also considered to hold great potential in the field of medicine, as the technologies
enable the recreation of anatomically correct, patient-specific structures.’®*® Also in the field of
surgical education, AM creates the possibility of manufacturing high-fidelity models for simulation-

based training.””%

AM is a general term for considerably different manufacturing processes, which are based on the
same general idea: building a physical object from 3D-model data by adding successive layers of
material.*>1%° Materials can either be polymers, ceramics, metals or composites in different
feedstocks (i.e. filaments, powder, liquid or sheet stocks) which are processed differently, for
example by using laser, hot extrusion, electron beam processing, or UV-light exposure.®> The
nomenclature around AM is not stringently in the literature and often clouded by the
interchangeable use of acronyms, tradenames and abbreviations. This is despite efforts by the
ASTM/ISO 52900:21 to unify the nomenclature.”> An overview of the seven most widely adopted

AM processes including acronyms and common tradenames is presented in Table 4.
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Table 4 — Overview of 3D-printing processes

Process name Acronyms and Materials Material  Short process
tradenames feedstock  description
Material Extrusion Fused deposition Polymers Filament A filament wire is extruded
modeling (FDM) through a heated nozzle
Fused filament which causes the filament to
fabrication (FFF) melt before being deposited
on a building plate.
Material Jetting Multijet Modeling Polymers Melted Thermal plastic is jetted on a
Polyjet build plate where it becomes
solid.
Powder-bed Fusion  Selective Laser Sintering  Polymers and Powder By either laser or electron
(SLS) metals beam processing a powdered
Selective Laser Melting material is hardened and
(SLM) new powder is successively
Direct Metal Laser added. This process happens
Sintering (DMLS) in a confined chamber (i.e. a
powderbed).
Binder Jetting Powder bed 3D-printing ~ Polymers Powder + Comparable to powder bed
Inkjet 3D-printing Liquid fusion. However, instead of
binder the powder being hardened
by laser/electron beaming a
liquid binder is added
successively.
Vat Stereolithography (SLA)  Polymers Liquid A photopolymer (resin) in a
photopolymerization Dark Light Processing vat, is cured from the top
(DLP) layer and down by using UV
lighting.
Sheet lamination Laminated Object Polymers and  Sheet stock  Sheets are cut by either a
Manufacturing (LOM) metals high-power laser or a punch.

Directed energy

Laser Engineered Net

Metals

Filament or

Subsequently the cut layers
are stacked and welded
using ultrasonic welding.

The metal filament or

deposition Shape (LENS) powder powder is melted by a laser
Cladding and deposited through a
Direct Metal Printing nozzle.
(DMP)

34



Regardless of the process, AM entails close relation between digital and physical manufacturing.
The process can roughly be divided into three steps: 1) pre-processing, 2) processing, and 3) post-
processing. 1) Pre-processing concerns using Computer-Aided Design (CAD) to generate/create a
digital 3D model. This model is translated to a printable file (typically STL format), which is then
refined and divided into layers (i.e., slicing) before being transferred to the AM system. Further, the
pre-processing step includes choosing the appropriate AM technology, printer, and material and
setting up the AM system and processing parameters. 2) The AM process is mostly autonomously
executed; however, control and human monitoring and intervention of the process is normal. 3) The
post-processing also depends on the print-technology, but most frequently concerns removing the
object from the machine, as well as removal of support structures or residual material and further

refinement of the printed element.

Material Extrusion

Material-extrusion printers are the most common type of printer; they are typically less costly and
easier to use than other print technologies.”” In extrusion-based printers, the material is a filament of
thermoplastic (e.g., PLA and ABS), which is coiled onto a spool. The material is pushed by a drive
gear through an extrusion-head where the filament is heated above its melting point. Through a
nozzle, the semi-liquid material is deposited on a building platform where it cures. Both the
extrusion-head and building platform (printing bed) moves in the x-y plan. Each time a successive
layer is deposited on the building platform, the extrusion-head moves up (or platform down) before
starting to deposit the next layer (Figure 3). Printing the object requires that the base and
overhanging structures are supported. These support structures are generated in software programs
(e.g., Ultimaker-Cura, Slic3er or PrusaSlicer) before printing. This software is also used for

adjusting several other parameters during the printing process such as the temperature of the
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extrusion-head and building platform, the print speed, infill, layer heights etc. before slicing.!1-103

The low cost of printers and materials and ease of operation make extrusion-based printers suitable

for technical non-professionals to undertake 3D-printing.

Figure 3 — Material Extrusion additive manufacturing.

Build material spool

. Build material filament

_Drive wheels
e

Extrusion head
Heating block

Extrusion nozzle  Part

Build platform

Reproduced from reference'™, published as open access under Creative Commons License
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3D-printing in temporal bone training

In general, 3D-printed models have gained favor as a suitable tool for surgical training, but

13,59,105,106 and many 3D-

implementation is still lacking.®” Temporal bone surgery is no exception
printed models already exist.!®!8107-116 Thjg is probably because the 3D-printed models can provide
physical and reproducible simulation-based training for future ORL surgeons.'> Currently, temporal
bone surgery/mastoidectomy is the most common usage of 3D-printed models in otolaryngology
training.!* The existing models are printed using a variety of different printing techniques including
Powder Bed Fusion, Binder Jetting, Vat Photopolymerization and Extrusion-based printers.!!” This
suggests that more than one technology can be suitable for accurate replication of the temporal
bone, but also highlights that no gold-standard exists.

In 2018, the American Academy of Otolaryngology-Head and Neck Surgery Foundation (AAO-
HNSF) created a work group of temporal bone experts to coordinate future work in the
development and validation of 3D-printed models for temporal bone surgery. This work was
initiated based on the opinion that 3D-printing should be part of the future training curricula in
ORL.!8 The group concluded that adequate models can be created using a variety of print types and
materials'!® but did not systematically compare the educational evidence supporting the existing
models; nor did they provide specific recommendations/guidance for training institutions to create
their 3D-printed models. Without such recommendations, the large number of available printer and
print materials could represent a major barrier to implementation. Establishing 3D-printing facilities
in the clinical setting is expensive and time-consuming.!!® Specific recommendations for a print-
routine using affordable and easy-to-use print technologies could help lower this barrier and aid
training institutions in starting their manufacturing. In Study II, we provide recommendations on

how to print a cost-effective temporal bone model using an extrusion-based printer.
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The Open Ear library

The Open Ear Library is a publicly available dataset consisting of eight different digitized temporal
bone models.'?° Each of the eight datasets is built on a combination of Cone Beam Computerized
Tomography (CBCT) and micro-slicing imaging.'?° In contrast to other available datasets, the Open
Ear datasets offer a reconstructed three-dimensional model of the human temporal bones including
colors.!?’ The datasets have been used for offering case-variation in the Visible Ear Simulator!?! but
can also be translated to STL-files for 3D-printing. In Study II, we utilized a dataset from the Open

Ear library for creating a 3D-printed temporal bone model.
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Research aims

This thesis aims to explore the current educational evidence supporting 3D-printed models for
temporal bone training, and develop and evaluate a cost-effective 3D-printed model that can be
manufactured by clinicians in most ORL training institutions. Further, the studies aim to collect
validity evidence for using the model in resident training of temporal bone surgery. The specific

aims of the five studies are:

Study I: To explore the methods used for manufacturing 3D-printed temporal bone models and how

existing educational evidence supports the training of temporal bone surgery.

Study II: To create a cost-effective 3D-printed temporal bone model suited for surgical training

using entry-level print technologies.

Study I1I: To gather validity evidence for the use of a 3D-printed model for mastoidectomy training

and explore a credible pass/fail score using this model.

Study IV: To explore if mastoidectomy skills acquired by training on 3D-printed models transfer to

cadaveric dissection performance, and how this compares to VR simulation training.

Study V: To investigate the reliability of video-based assessments vs physical assessments of

mastoidectomy performances on 3D-printed models and cadavers.
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Research hypotheses

Study I: 3D-printing temporal bone models is feasible but failure to use evidence-based methods in

research on their educational impact has led to inadequate knowledge in the field.

Study II: A 3D-printed model designed for mastoidectomy training can be printed using affordable

entry-level print technologies.

Study I11: Validity evidence supports using 3D-printed models for mastoidectomy training.

Study IV: Training using 3D-printed models can improve mastoidectomy skills and these skills are

transferable to cadaveric dissection.

Study V: Video-based assessment of cadaver dissections and 3D-printed models is as reliable as

hands-on physical assessment.
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Summary of studies

Study I: 3D-printed models for temporal bone training: A systematic review

Background

Temporal bone surgery takes place in an anatomically complex area and requires good surgical
skills. Obtaining these skills should happen in a risk-free environment not compromising patient
safety, and for that purpose, cadaver dissection has been the gold standard. Nevertheless, a shortage
of available cadavers suited for temporal bone training has led to a rising interest in alternative
training methods. 3D-printed models are a promising alternative due to their physical similarities
with human temporal bones. Even though several studies have described 3D-printing models for
temporal bone training, educational evidence on their effectiveness seems scarce in comparison to

VR simulation training.

Methods

Following the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA)
guideline'??, we searched PubMed, Embase, the Cochrane library and Web of Science to identify
relevant studies on manufacturing, training, and/or validation of 3D-printed models suited for
temporal bone training. Two authors independently screened records identified for eligibility, and
data from relevant studies were extracted using a data extraction form piloted on five studies.
Quality assessment was performed using Medical Education Research Study Quality Instrument
(MERSQI) and further, educational outcomes were evaluated according to Kirkpatrick’s level of

hierarchy.
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Results

Searches yielded a total of 595 unique articles whereof 36 studies were included in the final
analysis. Image acquisition was based on both CT and micro-CT varying in resolution and slice
thickness (0.23—0.38mm for clinical scans and as low as 12um for cadaveric specimens). Many
studies reported using semi-automatic segmentation of the bone volume based on imaging
thresholds. Delineation of key structures, such as the facial nerve, still warranted manual
segmentation. There were a variety of print technologies and materials used for printing including
ABS, PLA, resin and various cast-powders. Several studies attempted to find the most suitable
material and resin seems promising. Nevertheless, resin necessitated the removal of residual
material from hollow structures after printing, and no final conclusion on best practices can be made
from the current literature. The printer and printing material have a big impact on manufacturing
price which varied from 0.9 to 400 USD per model. Only a few studies reported the manufacturing
costs and an accurate cost-analysis was often absent.

Educational evidence on the use of 3D-printed models for temporal bone training was also largely
absent and the was quality low. Most evaluations were solely based on trainee/expert opinion,
corresponding to Level 1 in Kirkpatrick’s hierarchy and no studies included outcomes above Level
2a (i.e., Modifications of attitudes/perception). Overall, there was a positive attitude toward the use
of 3D-printed models for educational purposes. In general, MERSQI scores were low with a median
score of eight. This was often due to a lack of objective outcomes and exploration of validity

evidence.
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Conclusion

3D-printing temporal bone models suitable for surgical training is feasible using many different
print technologies and materials. For now, it is not possible to give specific recommendations on the
most suitable print technology and materials. Further details are needed on the optimal
manufacturing workflow before conclusions can be made.

Most importantly, evidence supporting the educational effectiveness (i.e., whether training

improves surgical performance) is currently lacking.
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Study II: 3D-printing a cost-effective model for mastoidectomy training

Background

Commercially available extrusion-based 3D-printers are low-cost printers that are easy to operate.
These printers could enable surgical training institutions without prior 3D-printing experience to
manufacture their own cost-effective temporal bone models. Such models could be an alternative to
the expensive commercially available models and help departments offer their trainees ample
training opportunities. In this study, we aimed to create a cost-effective model for temporal bone

training using inexpensive and commercially available print technologies.

Methods

We created a printable file based on a digitized temporal bone model from the OpenEar library.!?!
Two 3D-printing experts identified eight inexpensive materials which could mimic bone properties
and be used in an extrusion-based printer. An experienced otosurgeon drilled the materials for
testing which replicated bone properties most accurately. The model was then printed using a
material extrusion printer (Ender-3, Creality, Shenzhen, China) and the optimal print settings were
iteratively developed.

During a practical dissection course, a total of 11 ORL residents and attending physicians
performed two anatomical mastoidectomies on the 3D-printed models before cadaver dissection.
Immediately after completion, the participants filled out a questionnaire on their experience with

drilling the 3D-printed models compared with cadaver surgery.
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Results

123 Melting was a problem for

The printable file was generated and made available online for free.
the majority of the materials during drilling. However, a PLA filament with a high level of chalk
(Lay-brick filament, CC-products, Cologne, Germany) was more heat resistant compared to the
other materials and created a more realistic drilling experience. For optimizing the number of
successful prints we made some minor modifications to the printer: First, we installed a direct drive
(Micro Swiss Direct Drive Extruder for Creality Ender3, Mico Swiss, Ramsey, MN, USA) which
prevents the filament from breaking during printing and reduces wear of the drive gear. Second, we
installed a ruby nozzle that does not get as easily worn out as a standard nozzle. These
modifications enhance durability: The ruby nozzle can print >100 models before wearing out vs ~5
models for the standard nozzle, and the direct drive needs replacement after estimated 250 prints
which is considerably more than the standard drive gear. After printing, the dura, the sigmoid sinus,
and the facial nerve had to be manually applied using colored latex and a yellow wire, respectively
(Figure 4). The total manufacturing cost of “The Copenhagen Temporal Bone model” was
estimated to be ~15 USD per model with a material cost of ~5 USD per model. Participants in the
temporal bone course evaluated the model positively. They agreed that the model adequately

replicated temporal bone anatomy and had the opinion that it can serve as a good tool for

mastoidectomy training.
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Figure 4 —The 3D-printed temporal bone model (Copenhagen Temporal Bone).

Conclusion

It is feasible to create a cost-effective temporal bone model using entry-level 3D-print technologies.
The model was well received by the residents who considered it to be a good training tool for
learning the mastoidectomy procedure. Despite using a heat-resistant filament, some melting still
occurs during drilling and a few post-processing steps are required for representing key anatomical
structures. Nevertheless, this study can serve as a guide for most training departments to start

manufacturing their own cost-effective temporal bone training models.
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Study III: 3D-printed models for temporal bone training: A validity study

Background

There are several reports on 3D-printed temporal bone models. Nevertheless, due to the use of
outdated validity frameworks, strong validity evidence supporting their use in training is still
lacking. It is pivotal to explore the validity evidence supporting the 3D-printed models in training.
Evaluations should be based on modern validity frameworks, such as Messick’s validity framework,
if the models are to be integrated in the temporal bone training curricula. We, therefore, aimed to
collect validity evidence for using the Copenhagen 3D-printed temporal bone model in
mastoidectomy training. Further, we aimed to establish a credible pass/fail level for supporting

competency-based training.

Methods

We evaluated the 3D-printed model according to Messick’s five sources of validity evidence.
Messick’s 1% source (content) was addressed by having surgical, educational, and technical experts
finding the optimal workflow for printing a cost-effective and realistic temporal bone model. For
assessing the remaining sources of validity, we collected data on mastoidectomy-performances from
eighteen residents and eleven experts (Figure 5). Each participant completed 2—3 procedures and the
performances were assessed by three blinded raters using a 25-item modified Welling Scale. To
ensure consistency of the response process (Messick’s 2" source), one investigator was responsible

for data collection.
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Figure 5 — Two expert otosurgeons performing a mastoidectomy on the 3D-printed model.

- P Y

Results

Messick’s 3 source (Internal Structure): There was a high internal consistency of the assessment
(Cronbach’s alpha=0.92) and good inter-rater reliability (Kappa ranges of 0.68—0.70). Using
Generalizability theory, we found an overall G-coefficient of 0.91, corresponding to a very high
level of reliability. Decision studies demonstrated that one rater assessing two performances, or two
raters assessing one performance, would be adequate for reaching a G-coefficient >0.8, which is
generally considered sufficient for high-stakes assessment.

Messick’s 4" source (Relationship with other variables): The novice group (residents) achieved a
mean performance score of 13.9 points (95 % CI [13.2-14.5]) while the expert group had a score of
23.2 points (95% CI [22.2-24.2]) out of 25 points. This means that there was a difference of 9.3
points between the two groups (95% CI [8.2—-10.5], p<0.001), corresponding to 67%.

Messick’s 5" source (Consequences of testing): Using the contrasting groups method®, we
established a pass/fail score of 21 out of 25 points on the modified Welling Scale. At this cut-off
score, none of the experienced otosurgeons would fail (i.e., zero observed false negatives) and none

of the residents would pass (i.e., zero observed false positives).
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Conclusion

Validity evidence supports the use of a 3D-printed temporal bone model for mastoidectomy training
and assessments using the 25-item modified Welling Scale (WS) are reliable. Further, we have
established a pass/fail standard drilling the models of 21 out of 25 WS points. This level can be
used to support competency-based training for example guiding when a trainee can progress to the

more costly cadaver dissection.
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Study IV: Effect of 3D-printed models on Cadaveric Dissection in Temporal

Bone Training

Background

3D-printed models could be a well-suited supplement to the scarce available cadaveric temporal
bones for training. A prerequisite for 3D-printed models to fill this gap is that skills acquired during
training transfer to cadaver surgery. Such transfer of skills has been established for mastoidectomy
training using VR simulation. This is not the case for 3D-printed models where most evaluations
have solely been based on trainee/expert opinion and not outcomes related to actual surgical skills.
Consequently, it remains largely unknown whether 3D-printed models can improve surgical
performance.!!” This study aims to explore if mastoidectomy skills acquired by training on 3D-
printed models transfer to cadaveric dissection performance and how this compares to VR

simulation training.

Methods

Eighteen ORL residents received three hours of self-directed mastoidectomy training performing 2—
3 mastoidectomies on the Copenhagen 3D-printed temporal bone model (Figure 6). After training,
residents independently performed a mastoidectomy on a cadaveric temporal bone (intervention).
The 3D-printed models and cadaver dissections were rated by three blinded raters using the 26-
items modified Welling Scale for final product assessment.”’** Cadaver dissection performances
were compared with the performances of 66 ORL residents (historic controls) who had received

similar amounts of training using VR simulation before cadaver dissection.
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Figure 6 — Dissection training using 3D-printed models

Results

The intervention group, training on 3D-printed models, had a mean cadaver dissection performance
score of 13.7 points (95% CI, 12.3—15.1) whereas the historic control group, training on a VR
simulator, had a mean score of 10.6 points (95% CI, 9.9-11.3). Consequently, the intervention
group outperformed the historic controls by 29% during cadaveric dissection (mean difference=3.1
points, [95% CI 1.7-5.0], P<.001). We found a moderate correlation between performance on 3D-

printed models and cadaveric dissection performance (r=.49, P<.001).
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Conclusion

Mastoidectomy skills acquired during training on 3D-printed models transfer to cadaveric
dissection performance. Compared to similar amounts of VR simulation training, 3D-printed
models seemed slightly more effective. Overall, 3D-printed temporal bone models are a valuable

supplement to cadaveric dissection for basic mastoidectomy skills acquisition.
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Study V: Reliability of video-recordings for assessment of mastoidectomy skills

in cadaver dissection and training using 3D-printed models

Background

Valid and reliable assessment is pivotal for simulation-based training. Previously, assessors had to
be physical present for observing the performance; however, video-based assessment could make
remote and asynchronous assessment possible. Reliable assessment often requires more than on
assessor®! but assessors are typical senior consultants with many clinical obligations. By using
video-based recordings, multiple assessors can rate the performance at their convenience and
without geographical constrains. However, the reliability levels of video-based mastoidectomy
assessment are unexplored. In this study, we aim to investigate the reliability of video-based
assessment vs physical assessments of mastoidectomy performances on 3D-printed models and

cadaver dissections.

Methods
At a temporal bone dissection course, eighteen ORL residents independently performed 2—3

mastoidectomies on a 3D-printed temporal bone model followed by one mastoidectomy on a human
cadaver. The final dissection results were video-recorded for later evaluation. All cadaver
mastoidectomy performances were rated physically immediately after completion by three expert
raters. Immediately after the course, the 3D-printed models were also assessed physically.
Approximately two weeks after the physical ratings, the same three raters assessed the video-
recordings for both cadaver and 3D-printed model drillings.

We used kappa statistics to evaluate agreement among the raters (i.e., inter-rater reliability) and

between the same rater’s assessment of video and physical performances (i.e., intra-rater reliability).
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Further, we used Generalizability theory (G theory) to estimate the relative variance contributions
and decision (D) studies to explore the optimal number of performances and raters for a reliable

assessment of video- and physical assessments.

Results

Agreement among the raters (i.e., inter-rater reliability) had a mean kappa score of 0.58 (range,
0.53-0.62) for video-based and 0.60 (range, 0.55—0.69) for physical assessment. When comparing
video-based and physical ratings for the same raters (i.e., intra-rater reliability), kappa scores had a
mean of 0.62 (range, 0.55-0.69).

The overall G coefficient was 0.92 with the largest contribution to the variance (45% for 3D-printed
models and 55% for cadaveric dissection) being attributed to the participant’s performance (i.e.,
true score variance). The interaction between the rater and assessment modality contributed with
8.1% variance, meaning that specific raters were affected by the change of modality (i.e., video-
based vs physical assessment). Performing independent G analysis for video-recordings and
physical ratings, we found a G coefficient of 0.86 (video-recordings) and 0.87 (physical ratings) for
cadaveric dissection, and 0.85 (video-recordings) and 0.80 (physical ratings) for 3D-printed models.
Subsequent D studies found that two raters performing two performances would be sufficient to
achieve a G coefficient >0.8 for video-based assessment of 3D-printed models (Figure 7). For
physical assessment, a G coefficient >0.8 would require three raters assessing two performances or
two raters evaluating three performances (Figure 8). For a single cadaveric dissection performance,

both physical and video-ratings would require two raters to achieve a sufficient G coefficient.
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Figure 7 — Decision studies estimating the Generalizability coefficient with an increasing number

of observed performances for 1, 2, and 3 raters using video-based assessment.'**
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Figure 8 — Decision studies estimating the Generalizability coefficient with an increasing number

of observed performances for 1, 2, and 3 raters using physical assessment.'**
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Conclusion

In this study, we found that the reliability of mastoidectomy final product assessments was similar
across video-based and physical assessments. Rater leniency was high within the same rating
modality; however, changing from one assessment method to another affected specific raters more
than others. Consequently, a combination of video-based and physical assessments should be
avoided. This work supports using video-based assessment in simulation-based training and adds to

the current knowledge of reliability in surgical skills assessment.
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Discussion
Main findings

In this thesis, we first mapped how 3D-printed temporal bone models are manufactured and how
educational evidence supports their use in surgical training (Study I). We found that several
prototypes have been described, but information on how best to manufacture these models and
knowledge on their educational effectiveness are lacking. Next, we developed a simple and cost-
effective method for 3D-printing a temporal bone model based on the OpenEar library, using
consumer-grade printers, a chalk-loaded filament, and simple post-processing routines. This enables
clinical training departments without technical staff to manufacture their models for training (Study
IT). We then collected validity evidence according to Messick’s framework supporting the use of
3D-printed models for mastoidectomy training; here we established a credible pass/fail score of 21
points (out of 25 points) on a modified Welling Scale using the contrasting groups method (Study
IIT). We then used Generalizability theory to establish that assessments of mastoidectomy
performances on the 3D-printed model are reliable. Moreover, we calculated how the number of
assessors and performances affected reliability levels (Study IIT and V). For simulation-based
training to be relevant, transfer of skills is pivotal and we, therefore, investigated the effect of
training using 3D-printed models on cadaveric mastoidectomy performance. We found that skills
acquired during 3 hours of self-directed training using 3D-printed models substantially improved
trainees’ mastoidectomy performance during cadaver surgery (Study IV). Finally, we investigated
whether the reliability of video-based assessments was equal to that of physical assessments (Study
V). We found that video-based assessment was as reliable as physical assessment, demonstrating

that remote assessment is reliable, thereby enabling decentralized training and assessment.
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3D-printing and simulation-based training in temporal bone surgery

Since 1997, 37 papers have been published on 3D-printing of temporal bone models. Out of these,
27 papers have been published after 2010, reflecting the technical development that enables the
replication of the temporal bone.!!” The first report on 3D-printing a temporal bone model for
surgical training was by Begall et al., who created a model using vat photopolymerization.>® Since
then, multiple technical descriptions and studies have been published but the educational evaluation

is rare, and the actual training benefits for trainees are largely unknown.!'!’

In Study I, we mapped the current evidence on the educational impact of 3D-printed models for
temporal bone training through a systematic review of the literature. The search strategy was made
in collaboration with an experienced research librarian and our reporting followed the Preferred
Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines'?? to ensure that
all relevant published studies were included. Despite our efforts, we have later identified another
study that should have been included in the systematic review: In 2017, Aussedat et al.!*> conducted
a prospective study where 17 residents, naive to the mastoidectomy procedure, performed surgery
on a 3D-printed model before cadaveric dissection (intervention). The main outcome was cadaveric
dissection performance using a 25-item modified Welling Scale, (i.e., a similar outcome as our
Study IV). The residents’ cadaveric performances were compared with seventeen residents who
received no training before cadaveric dissection (control). Aussedat et al. found that the group that
trained on the 3D-printed models had a mean score of 16.8 points compared to 12.4 points in the
control group. The study was not included in our search among the 595 studies screened. The
reason for this is that the paper does not include any keywords related to the Mesh term “printing,
Three-dimensional” or relevant key terms (3D-printing, rapid prototyping, or additive

manufacturing). Instead Aussedat et al. refer to their model as a “temporal bone prototype’ which
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was built using stereolithography (a vat photopolymerization process). This illustrates that even
when using a systematic approach, conducting a systematic review is not a guarantee for complete
coverage of the existing literature. Relevant studies can be overlooked if the terms and
nomenclatures are not aligned with those generally used in the field. Comparing the results of
Aussedat to Study IV, the intervention group (training on 3D-printed models) and control (training
using VR simulation) scored 13.7 and 10.6 out of 25 points, respectively, vs 16.8 points
(intervention) and 12.4 points (control). This difference in scores could be explained by the
available time for cadaver dissections. In Study IV, participants had one hour to complete their
mastoidectomy while there was no time limit presented in Aussedat et al. Further, only a single rater
assessed performances in Aussedat et al. while three blinded raters assessed performances in Study
Iv.

Another important difference between the two studies is the use of control groups. In Study IV the
control group receives a comparable amount of training using VR simulation, while the control
group in Aussedat et al. did not receive any training at all.!'”!2> When comparable training tools are
available, Cook et al. argue that such intervention vs no-intervention studies are “similar to trials
comparing a drug to no intervention when other effective drugs exists“.'* In mastoidectomy
training, the effect of VR simulation is already well-established®* and we, therefore, decided to
compare trainees using 3D-printed models before cadaver surgery, to historic controls who had
received VR simulation training. We found that the group using 3D-printed models had a 29%
better score than the historic VR controls. However, a direct comparison is limited for several
reasons: Even though the historic controls had a comparable amount of training and baseline
characteristics, and data were collected at previous runs of the same temporal bone drilling course
(the Danish national temporal bone drilling course), the use of historic controls introduces a

considerable risk of bias.!?” A randomized, controlled trial would be the preferable methodology for
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a direct comparison of two educational interventions. However, conducting a randomized,
controlled trial was not possible due to the limited number of participants at each training course.
Also, it is important to recognize that 3D-printed models and VR simulations have different

strengths and weaknesses, supporting different aspects of learning.

Both 3D-printed models and VR simulations offer the possibility of an unlimited number of cases.
In addition, VR simulators can offer the trainees learning supports such as integrated tutoring or
automated feedback. This enables trainees to train self-directed, without the presence of an
instructor.>”!28 Such self-directed learning, where trainees can regulate their own learning
experience supported by instructional designs, is not only cost-effective but also beneficial for
surgical performance.'?>>!3® Dynamic learning supports are not as easily implemented in training
using 3D-printed models, but the physical models do offer training in microscope and otosurgical
drill handling including a more realistic tactile feedback. Deliberate changes in the models could
potentially introduce relevant learning supports for specific parts of the procedure. For example,
enhancing the color contrast of the dura and sigmoid sinus could be used for identifying and
smoothening the sino-dural angle. Also, coloring the septum of Koerner could guide novices when
trying to access the mastoid antrum. Nevertheless, more immersive learning features such as
gamification are currently reserved for technology-enhanced simulation such as VR simulation. The
next step is therefore not necessarily to compare the two modalities but instead to explore the

potential additive effects of the two training interventions combined.
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Printing process

We designed the 3D-printed model to support learning at the early stages of temporal bone training,
and as a supplement to cadaver surgery which has limited availability in training institutions
throughout Europe.!® We, therefore, aimed to create a 3D-printed model which accurately replicates
the anatomy of the temporal bone while still keeping manufacturing costs low. We chose to use an
extrusion-based printer (i.e., the Ender-3 , Creality, Shenzhen, China, with minor modifications) as
this print-technology is easy to use, does not require special laboratory facilities and is low-cost
compared to other more advanced print-technologies. The strengths of the current model are 1) The
extrusion-based printer is a consumer-grade printer that can easily be set up at local training
departments, including smaller institutions without technical backup. 2) Maintenance of the printer
is limited and does not require technical support. 3) The manufacturing cost is ~15 USD per model
which drastically lowers the financial barrier for repeated practice. Using other and more expensive
print technologies, would make it feasible to create a model with a higher level of fidelity than our
3D-printed model. Intuitively, a higher level of model fidelity would result in better learning, but
this is not necessarily true.!3!"133 Hamstra et al. argue that the term fidelity should be completely
abandoned as the interpretation of the term is diverse. Instead, fidelity should be replaced by more
accurate descriptions such as physical resemblance and functional task alignment.** These terms are
context-specific and requirements changes with the setting and level of the learner. Our model is
aimed at the novice learner and requirements of physical resemblance could therefore be lower than
for more advanced learners who would need a more accurate representation—for example, visual
cues. Even the physical resemblance of cadaver training has limitations. Due to the lack of blood
flow, there is no bleeding during surgery and the colors and textures of many anatomical landmarks
change. For example, in real surgery, the vessels in the facial nerve sheet create a textured surface

that helps identify the vertical part of the nerve. These vessels are not present in cadavers and
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training this part of the surgery is not possible. The same applies to our 3D-printed model as the
lay-brick filament is not transparent. In contrast, VR simulation provides this and other visual
features. Using a more transparent material, such as a natural ABS, could allow for some
transparency in the 3D-printed model, and a yellow wire with thin lines of red color, representing

vessels around the nerve, could offer the same visual cue as in VR training.

In Study I, we found that several 3D-printing technologies can be suitable for printing a realistic
temporal bone model. One example of a commercially available model is the Phacon Temporal
Bone (Phacon GmbH, Leipzig, Germany). The Phacon model is printed using a Binder Jetting 3D-
printer (Z510; 4D-concepts, Gross-Gerau, Germany)'** and costs ~150 USD. The model is printed
in three pieces as unhardened material gets entrapped within the air cells of the mastoid and needs
to be removed manually. After inserting a wire for representing the facial nerve and sigmoid sinus,
the pieces are glued together and hardened with a polyurethan mixture.!3*!3%> Wanibuchi et al. and
Takahasi et al. report similar problems with the accumulation of residual printing material in the
mastoid air cells when using a Powder Bed Fusion and Binder Jetting printer, respectively.!!?136
While Wanibuchi et al. and Phacon solved this problem by printing the model in several individual
pieces, Takahasi et al. designed small drainage holes in the model so that the excess material could
be removed after printing.!!? Using an extrusion-based printer directly solves this problem, and the
model can be printed in one piece without residual material being entrapped. This lowers the need
for manual postprocessing which represents a considerable share of the manufacturing cost per
model (Study II).!" However, filaments for extrusion-based printers are thermoplastics which are
prone to melting under heat, while thermoset plastics retain their shape after curing. Consequently,

melting will occur when drilling models that are printed on extrusion-based printers while this does

not apply for printers using thermoset materials (e.g., Binder Jetting and Powder Bed Fusion
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printers). For addressing this problem, we used a PLA filament with a high load of chalk leading to
better resistance from melting due to thermal friction compared with other thermoplastics (Study

II). Altogether, this highlights that creating a 3D-printed model for temporal bone training requires
careful considerations of technical aspects of manufacturing, price, stakeholders, and targeted level

of learners.

Performance assessment and standard setting in mastoidectomy training

In modern surgical education, assessment is pivotal for offering trainees competency-based training,
and the dogma “assessment drives learning” emphasizes the need for valid and reliable assessment.
Traditionally, residents’ surgical competence has been assessed by unstructured observations in the
clinic. This approach lacks objective measures and a true picture of actual surgical skills is
confounded.!3” Structured assessment using dedicated tools addresses this problem. Contrary to
other fields, there are several assessment tools supported by modern validity evidence for the
mastoidectomy procedure.®* However, as is the case in the remaining assessment literature,
exploration of Messick’s 5™ source of validity; Consequences of testing is lacking.%”-%* Exploring
this source includes analyzing the impact of assessment for example by standard setting for pass/fail
decisions. Standard setting helps educators create a benchmark for sufficient trainee competency
and is therefore key in simulation-based training. Nevertheless, establishing a credible pass/fail
level is challenging as surgery is complex and does not only rely on the individual’s technical
competence alone, but also on non-technical skills. It is therefore imperative to distinguish between
surgical proficiency and technical competence, which are often used interchangeably in the
literature.!3® Recently, Pietersen et al. conducted a systematic review on standard setting in
simulation-based training of surgical procedures.?! Here they found that several methods are being

used for standard setting, but most frequently the standard is set using the mean/median
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performance of experienced surgeons which is not a recognized method in the literature.®! In Study
III, we proposed a pass/fail score of 21 out of 25 points using the contrasting groups method. If we
had used the mean/median expert score, the pass/fail would have been set to 23 points. Using this
method for standard setting is problematic as about half of the experts who regularly perform the
procedure in real life, and who are considered highly competent, would fail. At the current level (21
out of 25 points), over 2—3 mastoidectomies, all the trainees would fail and all experts would pass.
This sets a realistic and achievable standard for mastoidectomy performance on 3D-printed models
which is slightly higher, but still comparable to, the pass/fail score of 19.5/26 WS points established

in VR temporal bone simulation training.!'*’

Another attempt at standard setting in mastoidectomy training used a modified approach of the
Angoff method for the Cross-Institutional Mastoidectomy Assessment Tool (CIMAT).!#%14! The
Angoff method is an item-based approach, originally created for written assignments, where expert
assessors set the standard based on the minimum criteria that would result in a passing
performance.® This means that the standard is based on a “just adequate” performance. This is a
problem because simulation-based training facilitates mastery learning where the goal is to achieve
a higher competence level than the minimum expected.®® In Study IIT we, therefore, used an
examinee-based approach (the contrasting groups method) for setting a standard exceeding the level
of “just adequate”. However, the contrasting groups method has a major limitation which the item-
centered methods such as the Angoff method address. When using a summative score,
shortcomings to fulfill the minimum standard of key elements can be missed. A specific example of
the mastoidectomy procedure could be damage to the facial nerve. A such mistake would lead to a
serious adverse effect and is not compatible with a passing performance. Nevertheless, damaging

the facial nerve only results in a 1-point reduction on the Welling Scale and it is still very much
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achievable to reach the 21 points passing score. This problem can be solved by assigning an
independent overall (global) score of “Pass”, “Fail”, and “Borderline”. This was done in the CISAT
assessment tool for cochlear implantation developed by our group.'#? Consequently, the pass/fail-
level introduced in Study III should not be seen as an absolute threshold for technical competence in

mastoidectomy, but instead as a relevant benchmark in the early acquisition of skills.

Generalizability of assessment

In Study IIT and V, we used Generalizability theory (G theory) for exploring the reliability of
ratings on the 3D-printed models. Both studies included performances from eighteen ORL residents
who were at the early stage of learning to perform a mastoidectomy. In addition, Study III included
performances from eleven experienced otosurgeons. The overall G coefficient was 0.91 in Study I1I
and 0.80 in Study I'V. Both levels correspond to a high level of reliability but the relative difference
emphasizes the fact that reliability is context specific.!*? A recent study on the reliability of VR
mastoidectomy performances found that reliability was highly influenced by the experience of the
learner.!'** In Study III, we included both experienced otosurgeons and novices in the reliability
analysis. Comparing groups with such different levels of skills will “erroneously inflate the
reliability coefficient”.'* Consequently, Study IIT might overestimate the reliability level in the
context of novice training. While both studies still demonstrate a high level of reliability this is still
a relevant observation. If using 3D-printed models for training other types of learners (e.g.,
intermediates) the reliability levels can be affected. This could influence the number of
observations, or raters, needed for reaching a sufficient level of reliability having consequences for

high-stakes assessments such as certification.
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Implications for temporal bone training

The findings of this thesis can be used by training departments to develop a competency-based
training program for temporal bone surgery using 3D-printed models. In Study II we presented a
workflow for printing the 3D-printed model using entry-level and cost-effective print technologies.
In every part of the printing process, there are several barriers for training institutions to start their
production. Study II addresses this by offering a thorough technical description and
recommendations for every aspect of printing an inexpensive training model. The 3D-printed model
is based on a digitized temporal bone from the OpenEar library which comprises seven additional
digitized bones. The 3D-printing routine can easily be adopted for the additional specimens. This
opens the possibility of creating a total of eight different 3D-printed models, offering an even more
diverse training opportunity for novices learning to perform a mastoidectomy. Future developments
could lead to a pipeline for 3D-printing based on clinical imaging datasets such as CT or CBCT,
making it feasible to print patient-specific temporal bone models that can be used for pre-operative

rehearsal and surgical planning.

Study IV supports that skills acquired using 3D-printed models transfer to cadaver surgery.
Nevertheless, the residents in Study IV did not achieve a WS score reflecting a safe mastoidectomy
performance. This emphasizes that the limited training time provided in Study IV is not enough to
obtain a sufficient skill level and more practice is needed. The question is: How much training is
required? The pass/fail score established in Study III could serve as a guideline for this, setting a
standard for when a trainee is ready to move on to use cadavers for further skills refinement. This
would ensure the most optimal use of the limited cadaver resources.!® Such “certification” has been
successfully implemented in simulation-based training of cataract surgery’® and could, with further

evaluation, become relevant in temporal bone surgery.
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Study V has implications for decentralized mastoidectomy training. In general, a high level of
reliability is key in competency-based training as the assessment has consequences for the trainees’
surgical progression. Reliable video-based assessment enables trainees to receive formative
feedback even when an expert assessor is not physical present. This expands training opportunities

and convenience.

Strengths and limitations

Designing a study can be challenging and often strengths and limitations mirror the compromise
between rigorous methodical design aspirations and what is feasible. In Study I, the systematic
approach and evaluation of educational outcomes using contemporary frameworks represent a
major strength. However, the modest evidence on optimal printing techniques and educational

effectiveness limits conclusions on the best practice. The remaining studies (II-IV) share several

strengths. One major strength is that we used residents at the relevant stage of their training.

Reliability has shown to be highly context-specific!#*

and including residents in the studies support
conclusions on reliability levels in the early mastoidectomy training using 3D-printed models.

Further, using blinded raters for assessment also represents major strengths.

A general limitation of the studies is the small sample size. We included the drillings of eighteen
Danish residents (novices), eleven experienced otosurgeons (experts) and model evaluation by
eleven Swiss residents (novices and advanced beginners). It requires a large number of microscopes
and drilling equipment for testing the transfer of skills from 3D-printed models to cadaver surgery
in a controlled setting. Such a setup is costly and only available at temporal bone drilling courses.

Also, the number of otosurgeons who perform mastoidectomies regularly in Denmark is limited.
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Due to logistical challenges, we did not succeed at including international otosurgeons in Study IV.
Consequently, the included number of participants represents samples of convenience deemed
sufficient for the research purpose. Specifically, in Study IV, we chose to use a historical cohort as a
control for minimizing the risk of a type 2 error. This does, however, introduce problems related to
cohort differences. Even though baseline characteristics are similar, and all groups where
completely self-directed when drilling, differences in the group dynamics and natural differences
occurring between the groups can affect the internal validity.!?7:146

Another limitation is that we only included technical skills as an outcome in our studies. In reality,
other essential skills such as decision-making and communication are fundamental for safe practice.
Further, the Welling Scale (WS) assessment tool only concerns the final dissection result and not

the drilling process. We solely used the WS in our studies; however, other assessment tools include

the dynamic aspects of the procedure which could affect the reliability of the assessment.

Research perspectives

Deciding on the best material for creating a 3D-printed temporal bone model comes with important
considerations on price, print technologies, knowledge and available lab facilities. In Study II, we
found the Laybrick filament to be cost-effective and have characteristics mimicking the temporal
bone. However, the filament still has three major shortcomings: 1) Even though it is more heat
resistant than most other filaments, some melting still occurs when drilling; 2) The Laybrick-
filament is fragile and breaks easily during printing, which results in a significant number of
unsuccessful prints and wear of the 3D-printer nozzle; 3) The material is opaque which differs from
real bone which has some degree of transparency. An experienced otosurgeon chose the Laybrick-
filament from eight material samples found by 3D-printing experts. We did not perform any

systematic characterization of temporal bone properties or the plastics tested. Future work should
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therefore aim to identify the most suitable plastic for mimicking the temporal bone, while still being
compatible with extrusion-based printers, using a more systematic approach and broader scoping of

candidate materials.

In our setting, training took place during a single day and participants only drilled 2—3 models each.

In VR temporal bone training novices typically reaches a learning plateau after 4-9 procedures
depending on the simulator and practice distribution.'#”-!48 Measuring learning (y-axis) as a function
of effort (x-axis, e.g., time, number of repetitions etc.) can be used for mapping when learning is
most effective. Such a learning curve can estimate the practice needed and provide a powerful tool
for supporting self-regulated learning.'#-!3° While learning curves in VR training of mastoidectomy
are well-known, #7148 this does not apply to training using 3D-printing models. Consequently, it is
unknown when trainees reach the learning plateau. Gustaffson et al. used the learning curve plateau
in simulation-based training of osteosynthesis for setting a pass/fail score.!>! Mapping the learning
curves for training using 3D-printed models could therefore be useful for designing a training

curriculum supporting the principles of mastery learning.

Finally, there is a gap in knowledge on how 3D-printed models can be used in other aspects of
temporal bone surgery. Several studies have reported using 3D-printed models for presurgical
rehearsal!7-!14152-157 byt no study has provided solid evidence supporting the value of 3D-printed
models in presurgical planning and/or rehearsal.!>® Future research should answer key questions on
the specific applicability of 3D-printed models for presurgical rehearsal, including intended users,

technical requirements and how these models affect surgical outcomes.
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Conclusion

3D-printing a cost-effective model for temporal bone training is feasible using inexpensive,
consumer-grade 3D-printers. Using extrusion-based print-technologies, we created a 3D-printed
model that can provide a realistic drilling experience for novice learners and be printed locally at
clinical departments. We found that mastoidectomy skills obtained during training on 3D-printed
models transfer to cadaveric dissection, highlighting that 3D-printed models are indeed an effective
training tool. According to Messick’s framework, we systematically gathered validity evidence
supporting the use of the model for mastoidectomy training. We found assessments of the drillings
to be highly reliable both when performed physically or based on video-recordings. This broadens
the opportunities for competency-based training, testing, and objective feedback. Further, we
established a pass/fail score of 21 out of 25 Welling Scale points to support competency-based

training and mastery learning.

This thesis bridges essential knowledge gaps in the educational literature for temporal bone training

and represents a considerable step towards creating evidence-based training using 3D-printed

temporal bone models.
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Appendix:

The 26-item modified Welling Scale

Grade each item: 0 = incomplete/inadequate dissection, 1 = complete
Mastoidectomy margins defined at:

1. Temporal line

2. Posterior canal wall

3. Sigmoid sinus

Antrum mastoideum

4. Antrum entered

5. Lateral semicircular canal exposed
6. Lateral semicircular canal intact
Sigmoid sinus

7. Exposed, no overhang

8. No cells remain

9. No holes

Sinodural angle

10. Sharp

11. No cells remain

Tegmen mastoideum/tympani
12. Attic/tegmen tympany exposed
13. Ossicles intact (untouched)

14. Tegmen mastoideum exposed
15. No cells remain

16. No holes

Mastoid tip

17. Digastric ridge exposed

18. Digastric ridge followed towards stylomastoid foramen
19. No cells remain

External auditory canal

20. Thinning of the posterior canal wall
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21. No cells remain

22. No holes

Facial nerve

23. Facial nerve identified (vertical part)
24. No exposed nerve sheath

25. Tympanic chorda exposed*
Posterior tympanotomy

26. Facial recess completely exposed

*Only assessed in cadaver dissection performances
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