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Introduction: Virtual reality surgical simulation of mastoidectomy is a promising training
tool for novices. Final-product analysis for assessment of novice mastoidectomy
performance could be limited by a peak or ceiling effect. These could possibly be
countered by simulator-integrated tutoring.

Methods: Twenty-two participants completed a single session of self-directed practice of
the mastoidectomy procedure in a VR simulator. Participants were randomized for
additional simulator-integrated tutoring. Performances were assessed at 10-minute
intervals using final-product analysis.

Results: 45.5% of participants peaked before the 60-minute time limit. None of the
participants achieved the maximum score suggesting a ceiling effect. The tutored group
performed better than the non-tutored group but tutoring did not eliminate the peak or
ceiling effects.

Conclusion: Timing and adequate instruction is important when using final-product
analysis for the assessment of novice mastoidectomy performance. Improved real-time

feedback and tutoring could address the limitations:of final-product-based assessment.
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Introduction

Temporal bone surgery is one of the key skills for the otorhinolaryngology resident. A
shortage of cadaveric temporal bones makes virtual reality (VR) simulation training a
promising alternative to traditional cadaveric dissection training of mastoidectomy!-2. In
addition, self-directed training using simulator-integrated tutoring could potentially reduce
the need for dedicated expert instructors, who are often limited by busy schedules and
clinical duties. Residents could acquire some of the basic competencies in the virtual
environment, saving cadavers and costly instructional resources for subsequent and more
advanced training. Tutoring in medical technical skills training is diverse and has been
demonstrated to be effective in different settings®>. The role of simulator-integrated
tutoring in facilitating mastoidectomy skills remains largely unexplored®.

Assessment of performance is essential to monitor and track the progress of the
trainee’s technical skills and to establish the effect of learning interventions such as VR
simulation training. A number of assessment tools for evaluating mastoidectomy
performance have been developed’™?; these are based either on the process, such as global
rating scales'?, requiring live or recorded observation of the performance, or on rating the
final-product!!. Final-product analysis (FPA) does not consider how the goal is reached
and is normally used for performance assessment after the procedure is finished.
Nevertheless, final-product-like items are found to be relevant in the assessment of
mastoidectomy competency!®!3. FPA could be hypothesized to have limitations if used to
monitor progress and technical skills development in novices; if FPA is not applied at the
optimal point in time, the FPA-score will not necessary reflect the peak performance but
instead a lower performance—either because the novice was not allowed adequate time for
the procedure or because the novice lacks knowledge on when to stop and proceeds to
damage vital structures. In addition to this peak effect, FPA could be limited by a ceiling
effect in which a plateau in performance is reached because the scale lacks discriminate

power! 413

or simply because self-directed training alone is not sufficient for novices to
progress beyond a certain level.

In this study, we aim to establish whether ceiling and peak effects limit FPA of novice
mastoidectomy performance in a VR temporal bone simulator. We also want to investigate

if additional simulator-integrated tutoring can counter these effects.
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Materials and methods

Twenty-two medical students from the University of Copenhagen, Denmark, volunteered
for participation and signed informed consent. They were all novices with no previous
exposure to or experience with temporal bone surgery. All participants received a one-hour
introductory lecture on temporal bone anatomy, the mastoidectomy procedure, and the VR
simulator.

The participants were then asked to perform a complete mastoidectomy with posterior
tympanotomy in the Visible Ear Simulator (VES). The VES is a freeware real-time 3D
virtual temporal bone simulator that can be downloaded from the Internet!S; The software
runs on a standard PC with a Nvidia Geforce GTX™ graphics card and:supports the
Geomagic Touch™ (3D Systems, USA) haptic device for force-feedback and intuitive
drilling!"'8. VES provides a step-by-step tutorial of the surgical procedure with text and
illustrations from the simulator and the option of enabling an accompanying integrated
tutor-function that green-lights the volume to be drilled in each step of the tutorial (Figure
1). An experimental version of the simulator was developed in order to auto-save
successive copies of the virtual temporal bones at pre-defined intervals during the
procedure.

The participants were allowed 60 minutes-for the procedure. All participants were self-
directed and provided with the on-screen step-by-step tutorial to the procedure.
Participants were randomized to have the on-screen tutorial supplemented by the
simulator-integrated tutoring (green-lighting). Randomization was performed as quasi-
randomization to the day of the training using computer-based assignment.

The simulator auto-saved the virtual temporal bones at 10-minute intervals between 20
and 60 minutes. The final-products were later analysed by two senior otologists blinded to
the participant, the time of save and the use of tutoring. The final-product saved-files were
opened in the simulator and rated using a modified Welling Scale with 26 binary items for
assessment of mastoidectomy performance!?.

Data were analysed with SPSS (SPSS Inc., Chicago, IL) version 22 for MacOS X
using parametric statistics as data were normally distributed according to the Shapiro-
Wilks test. In comparing continuous data, dependent and independent sample t-tests were
performed as appropriate. Fisher’s exact test was used for comparing categorical data.

Results were considered significant if p<0.05.
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Results and analysis

Baseline characteristics regarding age, sex, years of medical studies and simulation and
computer-related experience and interest are found in Table I. Baseline characteristics
were without statistically significant differences between the tutored and the non-tutored
groups.

The mean final-product score of all participants was 17.3 at 60 minutes (the maximum
allowed time) (Table II). Consistent with a peak effect, the highest score at any time-point
during the procedure—the peak score—was found to be higher (18.0, p<0.01). None of the
participants achieved the maximum score of 26 and only 3 of the participants were able to
reach final-product scores of more than 20 at some point during the procedure reflecting a
ceiling effect.

For further analysis, we divided the participants according to whether their scores
peaked during the procedure (‘early peakers’) or not (‘late peakers’)(Table II). Ten of the
22 participants (45.5 %) achieved their highest score (peak score) before the full, allowed
60 minutes and their final-product performance progressively deteriorated after peaking
early. The mean peak score was significantly higher in the ‘early peakers’ group compared
with the ‘late peakers’ group (18.9 vs. 17.2, p<0.01)(Table II). As a group the ‘early
peakers’ consistently outperformed the ‘late peakers’ during the procedure except at 60
minutes where both groups ended up having equal scores (Figure 2).

Participants randomized to simulator-integrated tutoring with green-lighting had a
performance similat to the non-tutored participants during the first 40 minutes after which
the tutored participants outperformed non-tutored participants (Figure 3). This was
reflected in significantly higher mean peak and 60-minute scores for the tutored group
(Table IT). Even though simulator-integrated tutoring led to a better performance, it did not
eliminate the peak and ceiling effects; a similar distribution of tutored and non-tutored
participants was found in the ‘early peakers’ and ‘late peakers’ groups using Fisher’s exact
test (p=0.69) and the 15% highest scores were achieved by tutored and non-tutored
participants with a 2:1 distribution and the 25% highest scores with a 1:1 distribution.

Discussion
In this prospective study on the limitations of final-product analysis of mastoidectomy

performance, we used a VR simulator with 10-minute interval auto-save to map final-
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product progress and found that peak and ceiling effects were at play. Additional
simulator-integrated tutoring with green-lighting was not found to eliminate these effects.

There is little knowledge on peak and ceiling effects in final-product performance
assessment. In most studies on mastoidectomy, novices are given a certain timeframe
within to finish the procedure and FPA is applied to assess performance after the given
time. This timeframe is assumed to be sufficient to finish the procedure for all novices and
not continuing to do damage to the final product. However, this requires novices to know
the procedure in depth beforehand. Little consideration has been given to the fact that not
all novices possess this knowledge and might use any additional time to explore the
temporal bone further. This behaviour would be natural and acceptabledn a learning
context but can be problematic in an assessment situation.

Our study enabled us to monitor progress by FPA at several time-points. In the given
context—studying the performance of complete novices in self-directed learning—we
found a peak effect: almost half of the participants had a peak final-product score before
the end of the given timeframe and started makingmistakes; thereby decreasing their
score. This is exemplified by one participant who at 40 minutes achieved a score of 20 out
of the maximum 26 points but finished with a score of 16 at the end of the session—the
time point at which the final-product assessment would usually be employed. Whether the
remaining participants that we designated ‘late peakers’ would have peaked at some point
or plateaued if given more time is speculation. Nonetheless, time and performance are
dependent factors and this should be considered when using FPA in mastoidectomy
performance assessment.

The ‘early peakers’ demonstrate that novices can lack the knowledge of when to stop;
in our study participants were self-directed and had only access to the on-screen step-by-
step tutorial and for the tutored group additional green-lighting of the volume to be drilled
in each step. In contrast to this, it has been established that feedback and directed goal
setting are key elements in surgical technical skills acquisition'®2: in a study on VR
thoracoscopy simulation training, an educator-guided group was found to perform
significantly better than a self-directed group?'; similar results have been demonstrated in
VR colonoscopy simulation training??. In line with this, the theory of directed self-

regulated learning (DSRL) includes an activated and mentally involved trainee with

limited autonomous control in a structured setting, facilitating long-term learning?*-24,
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In the literature on technical skills assessment, a ceiling effect most often concerns the
limitation of an assessment tool in distinguishing between novices and experts. The
blocking of further progress is another type of ceiling effect, relating to the simulation
design and degree of difficulty!®?°. The latter was found in our study; none of the
participants achieved the maximum score and only a few participants achieved above 20
points. Whether this reflects a true ceiling or could be addressed solely by repeat practice
warrants further investigation. A contributing factor to the ceiling effect could also be
related to simulator fidelity and design. Nonetheless, the relative low performance in this
self-directed setting and the literature on DSRL suggests that improvement in performance
beyond this ceiling requires additional instruction, guidance and feedback; further analyses
on where novices fail could contribute to qualify future instructions'and simulator-
integrated tutoring.

The additional simulator-integrated tutoring with volumetric green-lighting of the
volume to be removed in each of the procedural steps significantly increased peak and
final performance. The tutored group performed better than the non-tutored group
especially in the later and more difficult parts of the procedure. However, simulator-
integrated tutoring can be a double-edged sword: on one hand “perfect is the enemy of
good”, meaning that the tutor could lead to orforce a risky behaviour e.g. “expose more of
the facial nerve” resulting in a reduced final-product performance; on the other hand, in a
learning situation, this behaviour could facilitate acquisition of skills because novices are
encouraged to perform the difficult tasks and can learn from their mistakes. Whereas
simulator-integrated tutoring had a significant effect on performance it did no eliminate the
peak or ceiling effect.

Our findings are consistent with the literature underpinning the limitations of self-
directed VR simulation training of novices. For novices to acquire and improve surgical
technical skills such as demanded by the mastoidectomy procedure there is a need for more
than simply the VR simulation equipment. Additional instructional approaches and training
are needed to fill the gap between the level of competency that can gained by VR
simulation training alone and the appropriate level of competency before proceeding to the
OR. Final-product-based assessment can be used to monitor the trainee’s progress and has
a role if the limitations of FPA can be adequately addressed. Future automated simulator-
based assessment is promising because multiple combined assessments could be

feasible!32°, In combination with other simulator-gathered metrics, continuous FPA could
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be used to monitor progress in real-time during virtual practice and provide on-going
feedback, guiding the novice to optimal performance. Individualized feedback and
simulator-integrated tutoring could potentially enhance learning in self-directed training
but a clearer definition of goals and progress monitoring is needed. Limited resources in

surgical training could motivate these developments.

Conclusion

Timing of assessment and adequate instruction of trainees is important when using FPA for
the assessment of novice mastoidectomy performance. Peak and ceiling effects could
otherwise limit the final-product score and this should be considered even in the
conventional application of final-product analysis. The current simulator-integrated tutor-
function did not eliminate these effects, but future developments and improvements of on-
going feedback and directed goal setting could address the limitations of final-product

analysis.
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Summary

Final-product analysis (FPA) conventionally assesses performance based on the final-
product at the end of the procedure but is in this study investigated as a progress-
monitoring tool

Peak and ceiling effects are possible limitations of FPA, but if adequately addressed
FPA can potentially be integrated as an advanced feedback tool

Timing of assessment and clear instruction of trainees is important when using FPA for

the assessment of novice mastoidectomy performance



TABLE I
BASELINE CHARACTERISTICS

Age, average, years

Sex, female, n

Sex, male, n

Years of study, average

Any previous virtual surgical experience
Computer usage, average/week, hours
Computer interest, average™*

Self-rated IT-skills, average*

Previous gaming experience, average™*

*QOn a 5 item Likert-like scale

All
participants
n=22

25.3
8
14
4.6
55%
17.0
4.7
4.5
3.8

Tutored
participants
n=10

24.9
5
5
44
40%
18.7
4.7
4.6
3.5

Non-tutored
participants
n=12

25.7
3
9
4.8
67%
15.5
4.6
4.5
4.1
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MEAN FINAL-PRODUCT SCORES

n | Peak score (95 % CI) p 60-minute score (95 % CI) p
All participants 22 18.0 (16.8-19.1) 17.3 (16.2-18.4)
‘Early peakers’ 10 18.9 (17.3-20.5)* 17.2 (15.7-18.6)*
P ( ) 0.16 ( ) 0.96
‘Late peakers’ 12 17.2 (15.6-18.8) 17.2 (15.6-18.8)
Tutored participants 10 19.5 (18.4-20.6) 18.7 (17.4-19.9)
0.02 0.01

Non-tutored participants 12

16.7 (15.1-18.3)

16.0 (14.6-17.3)

*The difference between the early peakers’ peak score and 60-minute score and was statistically significant
(p<0.01). CI = Confidence Interval.
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