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ABSTRACT

Purpose: Virtual reality (VR) simulation surgical skills training is well-established but self-directed
practice is often associated with a learning curve plateau. In this study we investigate the effects of
structured self-assessment as a means to improve performance in mastoidectomy training.

Methods: The study was a prospective, educational study. Two cohorts of novices (medical students)
were recruited for practice of anatomical mastoidectomy in a training program with five distributed
training blocks. Fifteen participants performed structured self-assessment after each procedure
(intervention cohort). A reference cohort of another 14 participants served as controls. Performances
were assessed by two blinded raters using a modified Welling Scale and simulator-recorded metrics.
Results: The self-assessment cohort performed superiorly to the reference cohort (mean difference of
final product score 0.87 points, p=0.001) and substantially reduced the number of repetitions needed.
The self-assessment cohort also had more passing performances for the combined metrics-based score
reflecting increased efficiency. Finally, the self-assessment cohort made fewer collisions compared
with the reference cohort especially with the chorda tympani, the facial nerve, the incus, and the
malleus.

Conclusions: VR simulation training of surgical skills benefits from having learners perform structured
self-assessment following each procedure as this increases performance, accelerates the learning curve
thereby reducing time needed for training, and induces a safer performance with fewer collisions with
critical structures. Structured self-assessment was in itself not sufficient to counter the learning curve

plateau and for continued skills development additional supports for deliberate practice are needed.

Keywords: self-assessment, temporal bone surgery, mastoidectomy, virtual reality surgical simulation,

tutoring, simulation-based training.
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INTRODUCTION

Virtual reality (VR) simulation is an evidence-based tool for temporal bone surgical skills training and
is often used in conjunction with other training modalities such as temporal bone dissection on human
cadaveric temporal bones [1]. VR simulation training is increasingly adopted into training curricula as
it offers a relatively inexpensive setup compared with maintaining open laboratory facilities for
cadaveric dissection [2,3]. Furthermore, skills acquired in VR temporal bone surgical simulation
transfers to increased dissection skills [3—6], which allows better use of donated specimens for
refinement of skills after initial VR simulation training. In addition, VR simulation allows an unlimited
number of bones of different anatomies to be drilled as well as direct access to on-screen learning
supports to facilitate trainees’ learning. Altogether, VR simulation offers an attractive platform for

fundamental temporal bone surgical skills training.

One of the potential advantages but also challenges of VR surgical simulation is that of self-directed
training: the trainee can easily practice whenever they like but this is often without the presence of
faculty for guidance and feedback. Instead the accessibility of VR simulation better supports distributed
practice, which is beneficial for learning and skills consolidation [6,7]. In contrast to faculty-led
training during for example temporal bone dissection courses, other mechanisms are needed to ensure
development of adequate and safe skills in self-directed simulation-based training. According to the
educational framework of directed, self-regulated learning (DSRL) [8,9] such self-directed simulation-
based training therefore requires strong learning supports to scaffold learning and the development and

progression of skills.

In VR simulation training of mastoidectomy, it has been demonstrated that the learning curve has an
initial plateau after 4-9 procedures and that simulator-integrated tutoring can lead to tutoring
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overreliance. [7—10]. Deliberate practice is needed to overcome this performance plateau, and without
direct external feedback during self-directed practice, the learner has to rely on reflection and
evaluation of their own performance [11]. However, inadequate self-assessment skills of the learner
seems to be a major issue resulting in the early learning curve plateau: the self-determined proficiency
level of novices often do not match that of external assessment, i.e. they do not perform as well as they
think so themselves [12,13]. Critical to the self-regulation of learning is accurate self-assessment skills
[14]. Self-assessment abilities vary with the domain being self-assessed, but for surgical technical

skills, some improvement can be seen with repeated practice of the surgical task [15].

In the case of temporal bone surgery, the early plateau suggests that repetition in itself is a less efficient
approach to increase self-assessment skills. Other approaches are therefore needed to keep novices
cognitively investing in further improving their skills. The literature on DSRL emphasizes providing
explicit and specific process goals and directive instructions to support the self-guided learning.16
Increasing the learners’ awareness of goal-setting and self-assessment, could potentially result in the
desired continuous cognitive effort, support deliberate practice, and counter the initial learning curve
plateau. Consequently, we constructed a structured tool for self-assessment (an 8-item rating form
supported by small videos) to support self-assessment and the formation of process goals during VR
simulation training of mastoidectomy. In this study, we wanted to investigate the effects on
mastoidectomy final-product performance and simulator metrics of using such a structured self-

assessment approach.
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MATERIALS AND METHODS

Setting and participants

A cohort of 15 medical students from both pre-clinical and clinical semesters at the University of
Copenhagen, Denmark, was recruited for VR simulation training with a learning intervention
(structured self-assessment) in March—June 2017. A reference cohort of 14 medical students was
recruited for similar VR simulation training in the period Oct. 2016-Jan. 2017. A single participant
dropped out of the reference cohort due to lack of time to complete, whereas none dropped out in the
intervention cohort (Flow chart, Figure 1). None of the participants had previously received any VR
temporal bone surgical simulation training (exclusion criterion), nor had they had any other hands-on
experience with temporal bone surgery. Participation was considered a voluntary, non-credit,
extracurricular activity. Data collection took place at the Simulation Centre at Rigshospitalet,

Copenhagen, Denmark.

Study design

The study was designed as a prospective, educational, cohort study with comparison between an
intervention cohort and a reference cohort. All participants provided background data and then received
a brief, hands-on introduction to the VR simulator on how to navigate the simulator. Training of both
cohorts consisted of distributed practice with five training blocks spaced by at least a week. Each
training block consisted of three completely identical procedures (anatomical mastoidectomy and
posterior tympanotomy) on the same virtual temporal bone model. Training in the VR simulator was
self-directed and participants in both cohorts had access to the on-screen step-by-step guide of the

procedure at all times for reference.

The interventional cohort was additionally introduced to the structured self-assessment with a complete

6-minute video demonstrating the excellent and poor performance in relation to key areas of the
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mastoidectomy. At any point during training or self-assessment they could review this video again or
view a brief 1-minute summary video as well as brief videos for each of the individual 8 items on the
self-assessment rating form. The self-assessment form (Supplemental material, Appendix 1) was
developed specifically for this study and we based it on the modified Welling Scale (WS1) [17]. In
contrast to the dichotomous rating of the modified WS1, we allowed each item for self-assessment to
be rated using a 5-point Likert Scale with a numerical score (1-5) with descriptive anchors for the two
extremes and the middle score. Participants in the intervention cohort were asked to complete a self-
assessment form immediately after each procedure while their drilled temporal bone was kept on screen

for reference.

VR simulation platform and data sampling

In this study, an experimental version 2.1 of the VR temporal bone surgical simulator, the Visible Ear
Simulator, was used [18,19]. The simulator is academic freeware [20] and can be run from PCs with a
GeForce GTX graphics card (Nvidia, Santa Clara, CA, USA). The Geomagic Touch haptic device (3D
systems Inc., Rock Hill, SC, USA) provides interaction with force feedback. The experimental version
of the simulator recorded data on 128 different metrics and derivatives [21]. In addition, simulation
final-products were saved for later performance evaluation by two raters (SA and MS) using the
modified WS1 [17]. Raters were blinded to participant, intervention, cohort, procedure number, time

used, simulator metrics, and the metrics-based score.

Data analysis, outcomes and statistics

Sample size was based on previous studies [7,17]. Analyses were performed in SPSS (SPSS Inc., IL,
USA) version 23 for MacOS X. Due to repeated measurements, linear mixed models were used for
both final-product performance analysis (procedure number, rater, and cohort as fixed factors) and for

the analysis of simulator-gathered metrics (procedure number and cohort as fixed factors). The
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compound metrics-based score (MBS) was calculated as reported previously [21]. For the learning

curve graphs, estimated marginal means with 95 % CI were plotted.

Ethics
The study was deemed exempt by the regional ethics committee for the Capital Region of Denmark (H-

17002805). All participants volunteered for the study and signed informed consent before participation.

RESULTS

The participants in the intervention and reference cohorts had comparable background and experience
such as average computer usage per week, self-rated computer skills, and gaming frequency (Table 1).
As per the only exclusion criterion, none of the participants had any experience with temporal bone

surgical simulation.

Effects of structured self-assessment on final-product performance

For both cohorts, final-product performance increased with repeated practice. The self-assessment
cohort performed superiorly to the reference cohort (linear mixed models, mean difference 0.87 points,
p=0.001). The level of performance of the control cohort after 15 repetitions was reached by the
intervention cohort after only 8 repetitions (Figure 2). The gap between the learning curves was
reduced with repeated practice and started to plateau at a level of about 19 out of 26 points. The self-
assessment group used slightly more time for each procedure (mean diff 1.5 min, p<0.01)
(Supplemental Figure 1), resulting in the final-product score per time being similar for the two cohorts

(Supplemental Figure 2).

For most of the individual items of the modified WS1, the self-assessment cohort significantly

outperformed the reference cohort (Supplemental Table 1), but especially relating to the items

#7



concerning the outer boundaries of the procedure: exposing the sigmoid sinus while leaving no
overhang (item 7), drilling the sinodural angle sharp (item 10) and without cells remaining (item 11),
exposing tegmen mastoideum (item 14), exposing the digastric ridge (item 17) and leaving no
remaining cells in the mastoid tip (item 19), and finally, exposing the tympanic chorda (item 25). For
exposing the attic/tegmen tympani (item 12), the reference cohort performed significantly better than

the self-assessment cohort.

Effects of self-assessment on simulator metrics

For the compound metrics-based score (MBS), calculated on the basis of 17 different evidence-based
metrics and reflecting mainly efficiency [21], both cohorts performed similarly and had identical
learning curves based on estimated marginal means (Figure 3). However, the self-assessment cohort
had significantly more performances that passed the proficiency level of 83.6 % by the end of training
than the reference cohort. 100 % of the performances by participants in the self-assessment cohort
passed the minimum volume to be removed during the procedure (based on the minimum volume
drilled by experts), whereas only 93.4 % of the performances by the reference cohort fulfilled this

criterion.

For the individual metrics, a number of significant and positive effects of structured self-assessment
was found (Table 2 and Supplemental Table 2): the self-assessment cohort removed more bone, drilled
less while not being in contact with bone, had a shorter path length, and made fewer collisions with
especially the chorda, the facial nerve, the incus, and the malleus. Of equivocal effects, the self-
assessment cohort used more force on all types of burrs, and more force on small (0.5-2 mm) and
medium (3-4 mm) size burrs, and removed less bone using the small burrs compared with the reference
cohort. The largest negative effect of structured self-assessment was on the number of “drill jumps”:

the self-assessment cohort had a tendency to drill a little at one place, then jump to another location >5
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mm away and drill some more, and then jump on to the next area and so forth. In contrast, experts
make fewer jumps [21] most likely because they will finish drilling one sub-goal before moving on to

the next sub-goal [22].

DISCUSSION

In this prospective, educational, cohort study on the effect of structured self-assessment on
performance in VR simulation training of mastoidectomy, we found that the intervention increased
final-product performance and accelerated the learning curve. This resulting in the need for
substantially fewer repetitions, corresponding to a reduction in training time of approximately three
hours. We further found that structured self-assessment induced learning a safer performance resulting

in fewer collisions with critical structures such as the chorda and facial nerve and the ossicles.

We purposely did not design the present study to investigate the accuracy of self-assessment compared
with the expert ratings: First of all, the study participants were medical students with no experience in
temporal bone surgery. Secondly, the assessment tool—even though based to some degree on
assessment items used for the experts’ ratings—was designed to enhance learning by cognitive
engagement and formation of sub-goals in the novice learners. It is therefore not a surprise that the self-
assessment scores correlated only weakly with the scores assigned by the raters (Pearson’s r=0.45). A
large systematic review concluded that physicians mostly have a limited ability to accurately self-
assess [23], and in general, self-assessment has limited use as a measurement of performance in

medical educational studies [24].

Even though self-assessment data has limited usefulness as a learning outcome, the use of structured

self-assessment as a learning support and a way to improve performance in simulation-based surgical
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skills training is under-investigated. In a recent study, the mastoidectomy performances of 16
otolaryngology residents on cadavers were recorded, after which participants were randomized to self-
assess their video recordings using a structured tool or not before they performed a second procedure at
a later time [25]. Self-assessment of the first performance did not improve performance on the second
procedure compared with the control group. In contrast, our study had multiple instances of structured
self-assessment during distributed training program. However, it remains uninvestigated how structured
self-assessment affects different levels of learners and the effect on otorhinolaryngology trainees might

be different from what we find for medical students.

The value of self-assessment as an integral part of adult learning was acknowledged by Reznick in his
key paper on surgical skills training and testing from 1993 [26], and also later emphasized by Eva and
Regehr as an “important mechanism for ensuring safe and effective performance” [24]. Our data
substantiates that some of the positive effects of using structured self-assessment during training was
indeed related to measures of efficiency and especially safety, i.e. avoiding collisions with vital
structures. There is little doubt, that accurate self-assessment skills are essential for effective directed,
self-regulated learning and should be considered in the design of self-directed learning experiences
[14]. This also highlights that increased active participation and a higher meta-cognitive awareness of

the objectives of training is better for learning.

Limitations of this study includes the cohort study design and that participants were not randomized for
an intervention and control arm. However, participants had similar background data and due to
identical recruitment process, simulator-setup, training program, and data collection, we have no reason
to believe that this influences results or conclusions. Another limitation is that we used medical
students rather than residents, who unfortunately are far too few and often not true novices. With a
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large number of metrics analyzed (128 in total) there is an inherent risk of mass-significance due to
multiple comparisons. We have chosen not to perform adjustments such as Bonferroni correction, as
this is very conservative, but have in the results and discussion only put weight on metrics with a
substantial statistical significance (p<0.005) or multiple sources that indicates the same result. A
strength of the study is the repeated measurements design and the combination of both human ratings
of performance and simulator-generated metrics. Finally, it should be noted that the intervention
consisted of both the use of the structured rating form for self-assessment and supporting small videos
to demonstrate key aspects to guide the self-assessment. The effect of one without the other can
therefore not be discerned. It is important for self-directed training to be guided and we used the videos
to introduce the structured self-assessment and as a reference to illustrate the items of the rating form
and differences between an adequate and inadequate performance on the different items. However,
besides the mandatory introduction using the videos, the participants self-regulated their subsequent
use of the videos and it is our impression that they only rarely re-watched them later in their training.
Consequently, we suspect that the videos only contributed little to the effect on the learning curve of

the intervention cohort.

The underlying mechanisms for the positive effect of structured self-assessment needs further studies:
we implemented the structured self-assessment tool as a means to improve cognitive engagement and
self-regulation of learning, but whether this is the actual mechanism of action needs future analysis.
The increased number of drill jumps could indicate that structured self-assessment did not cause
participants to complete one area of drilling before moving on to the next. Even though structured self-
assessment had a number of positive effects, it did not—at least with our current approach—have a
continued effect on performance and the learning curve plateaued at a level similar to that of the

control cohort. Other methods for improving cognitive engagement and performance still needs
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exploration. Most likely, external sources of feedback and other learning supports are needed to further
encourage deliberate practice [27]. In self-directed VR simulation training, this could for example be
the use of simulator-integrated tutoring [7], an instructional design with task- and case variation to
gradually increase challenges [28], automated formative or summative feedback based on simulator

metrics [29], and/or game elements i.e. gamification [30].

CONCLUSION

VR simulation surgical training often constitutes self-directed training and this requires a strong
instructional design and learning supports. This is necessary to scaffold learning and important
components are supporting the formation of process goals and self-assessment skills. Structured self-
assessment had several positive effects in VR simulation training of temporal bone surgery: first of all,
it increased the performance both as assessed by external raters and based on a metrics-based score.
Secondly, it accelerated the learning curves and consequently reduced the time needed for training.
Finally, structured self-assessment induced a safer performance with significantly fewer collisions with
critical structures such as the facial and chorda nerves. The underlying mechanisms for these positive
effects remains to be further explored but could possibly be related to an increased cognitive effort
during the simulation training. Finally, other learning supports are needed to further increase

performance and support deliberate practice to overcome the learning curve plateau.
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TABLES

Table I. Participant characteristics

Reference
Self-assessment cohort cohort
Count (%) / Mean (SD) m‘;’: ((08/"[)))’
Number of participants 15 14
Age 23.8 (3.2) 23.5 (2.8)
Sex
Female 11 (73 %) 10 (71 %)
Male 4 (27 %) 4 (29 %)
Semesters of study 6.9 (2.6) 6.1 (3.0)
Prior experience with the Visible Ear Simulator, hours 0.0 (0.0) 0.0 (0.0)
Average computer usage, hours/week 21.3 (16.2) 22.4 (9.0)
Self-rated computer skills (17 Likert scale) 4.5 (1.0) 4.4 (0.9)
Gaming frequency (1-5 Likert scale) 3.1 (1.6) 3.2 (1.3)

Table 2. Overview of statistically significant main effects on individual metrics of structured self-

assessment.

Positive effects

Equivocal effects Negative effects

Larger volume removed (+4.4 %, p<0.01)

Smaller percentage of time not drilling (-3.7 %,
p<0.0001) and less time drilling but not in contact
with bone (-15.4 %, p<0.001)

Shorter total path length (-48.4 %, p<0.0001)

Fewer collisions with vital anatomical structures:

chorda tympani (-29.7 %, p<0.0001); facial nerve
(-27.2 %, p=0.0002); incus (-41.9 %, p<0.0001);

malleus (-57.1 %, p=0.004)

Higher average force on burrs (sharp burrs:
+5.5 %, p=0.007); coarse diamond burrs +8.3
%, p=0.001; fine diamond burrs +9.8 %,
p=0.004)

More drill jumps (+38.8 %,
p<0.0001)

Higher average force on small size burrs
(0.5-2 mm, +6.5 %, p=0.003) and medium
size burrs (3—4 mm, +6.5 %, p=0.0001)

Smaller volume removed using small size
burrs (0.5-3 mm) (-26.7 %, p=0.0005)
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