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Learning Curves of Virtual Mastoidectomy
in Distributed and Massed Practice
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Mads Sølvsten Sørensen, MD, DMSc

IMPORTANCE Repeated and deliberate practice is crucial in surgical skills training, and virtual
reality (VR) simulation can provide self-directed training of basic surgical skills to meet the
individual needs of the trainee. Assessment of the learning curves of surgical procedures is
pivotal in understanding skills acquisition and best-practice implementation and organization
of training.

OBJECTIVE To explore the learning curves of VR simulation training of mastoidectomy and
the effects of different practice sequences with the aim of proposing the optimal organization
of training.

DESIGN, SETTING, AND PARTICIPANTS A prospective trial with a 2 × 2 design was conducted at
an academic teaching hospital. Participants included 43 novice medical students. Of these,
21 students completed time-distributed practice from October 14 to November 29, 2013, and
a separate group of 19 students completed massed practice on May 16, 17, or 18, 2014. Data
analysis was performed from June 6, 2014, to March 3, 2015.

INTERVENTIONS Participants performed 12 repeated virtual mastoidectomies using a
temporal bone surgical simulator in either a distributed (practice blocks spaced in time) or
massed (all practice in 1 day) training program with randomization for simulator-integrated
tutoring during the first 5 sessions.

MAIN OUTCOMES AND MEASURES Performance was assessed using a modified Welling Scale
for final product analysis by 2 blinded senior otologists.

RESULTS Compared with the 19 students in the massed practice group, the 21 students in the
distributed practice group were older (mean age, 25.1 years), more often male (15 [62%]), and
had slightly higher mean gaming frequency (2.3 on a 1-5 Likert scale). Learning curves were
established and distributed practice was found to be superior to massed practice, reported as
mean end score (95% CI) of 15.7 (14.4-17.0) in distributed practice vs 13.0 (11.9-14.1) with
massed practice (P = .002). Simulator-integrated tutoring accelerated the initial
performance, with mean score for tutored sessions of 14.6 (13.9-15.2) vs 13.4 (12.8-14.0) for
corresponding nontutored sessions (P < .01) but at the cost of a drop in performance once
tutoring ceased. The performance drop was less with distributed practice, suggesting a
protective effect when acquired skills were consolidated over time. The mean performance of
the nontutored participants in the distributed practice group plateaued on a score of 16.0
(15.3-16.7) at approximately the ninth repetition, but the individual learning curves were
highly variable.

CONCLUSIONS AND RELEVANCE Novices can acquire basic mastoidectomy competencies with
self-directed VR simulation training. Training should be organized with distributed practice,
and simulator-integrated tutoring can be useful to accelerate the initial learning curve.
Practice should be deliberate and toward a standard set level of proficiency that remains to
be defined rather than toward the mean learning curve plateau.
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V irtual reality (VR) simulation training is increasingly
being used in surgical training, including in temporal
bone surgery where evidence of the efficacy and valid-

ity of VR simulation training of novices is emerging.1-6 Virtual
reality simulation training can address some of the concerns
and constraints of traditional dissection training and super-
vised surgery, for example, regarding patient safety issues, re-
duced working hours, and costs of facilities and instructors.

Acquisition of surgical skills requires repeated and delib-
erate practice regardless of the training modality,7,8 and the or-
ganization of this practice is also of importance: distribution
of practice is more efficient for psychomotor skills learning
compared with massed practice.9,10 Nevertheless, initial mas-
toidectomy training is frequently offered to trainees or resi-
dents as participation in a temporal bone course in places where
facilities for frequent dissection are not readily available. Tem-
poral bone skills courses are often organized with a single,
massed block of practice. In contrast to this arrangement, VR
simulation offers the possibility of repeated training spaced in
time to the needs and at the convenience of the individual
trainee.

The learning curve of repeated practice of any surgical pro-
cedure is crucial because of the implications for training and
organization. For operating room performance, approxi-
mately 13 procedures are needed for technical competency in
all the major steps of a complete mastoidectomy, with perfor-
mances being assessed using a validated task-based checklist11;
for VR simulation training, performance (measured by a simu-
lator-generated total score) plateaus after just 4 mastoidec-
tomy procedures.12 Little is known regarding the learning
curves in different practice programs and with other perfor-
mance measurements, such as final product assessment.

In addition to the organization of surgical skills training, the
learning environment is important and should be learner-
centered and provide both tutoring8 and opportunity for self-
directed learning.13 In line with this approach, some VR simu-
lators can offer simulation-integrated tutoring and guidance.
However, knowledge regarding the effect of this training ap-
proach on mastoidectomy performance and skills acquisition
is limited4,14 and, to our knowledge, has not been investigated
in association with the learning curve. It could be hypoth-

esized that simulator-integrated tutoring accelerates skills ac-
quisition and increases performance, but it is equally plausible
that ongoing simulator-integrated tutoring impedes learning and
that performance drops once tutoring is discontinued.

In this study, we wanted to explore the final product per-
formance learning curves of mastoidectomy in VR simula-
tion training with the aim of proposing an optimal self-
directed program for initial mastoidectomy training. We
therefore used a 2 × 2 study design to establish the effects of
distributed and massed practice of mastoidectomy with and
without initial simulator-integrated tutoring.

Methods
The ethics committee for the Capital Region in Denmark
deemed this study exempt. All trainees provided written in-
formed consent; participation was voluntary, and partici-
pants did not receive financial compensation.

VR Simulation Platform
The Visible Ear Simulator—a freeware VR temporal bone sur-
gical simulator15,16 available for download from the
Internet17—was used in this study. A modified version 1.3, de-
signed specifically for use in research, supported individual
participant log-in with predefined conditions, such as auto-
matic loading of the tutor function and autosaving of the vir-
tual temporal bones. The simulator runs on a personal com-
puter with a graphics card (GeForce GTX; Nvidia) and uses a
haptic device (Geomagic Touch; 3D Systems) for drilling with
force feedback. An optional simulator-integrated tutor func-
tion features greenlighting of the volume to be drilled in each
step of a complete mastoidectomy in correspondence to an on-
screen guide with text and illustrations.16

Participants
Forty-three medical students from the Faculty of Health and
Medical Science, University of Copenhagen, volunteered for
participation in this study, which was organized as an extra-
curricular activity. We recruited students from any semester
of study for participation, and the only exclusion criterion was
previous VR simulation training of mastoidectomy. All par-
ticipants were novices regarding temporal bone surgery be-
cause it is not part of the pregraduate curriculum. Included for
study was a group of 21 (of 24) participants who completed
time-distributed practice from October 14 to November 29,
2013, and a separate group of 19 (of 19) participants who com-
pleted massed practice on May 16, 17, or 18, 2014. Upon en-
rollment, participants completed a questionnaire on back-
ground demographics as well as computer and gaming
experience.

Study Design
A 2 × 2 study design was used to investigate the learning curves
of distributed and massed practice in VR simulation training
of mastoidectomy, with randomization within these 2 prac-
tice groups for additional simulator-integrated tutoring dur-
ing the initial 5 sessions (Figure 1). In the distributed practice

Figure 1. Flowchart

24 Distributed practice

43 Participants

19 Massed practice

3 Did not
complete
sessions

11 Tutored 10 Nontutored 10 Nontutored9 Tutored

Participants completed 12 identical sessions of virtual reality mastoidectomy
training as either time-distributed practice (every other session spaced by
�3 days) or massed practice (all sessions in 1 day).
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group, blocks of 2 procedures were separated by at least 3 days;
in massed practice, all of the procedures were completed dur-
ing 1 course day.

In both practice programs, participants completed 12 re-
peated procedures consisting of a complete mastoidectomy
with entry into the antrum and posterior tympanotomy. All par-
ticipants had access to the on-screen step-by-step guide to the
procedure but were otherwise self-directed. Before the first
procedure, all participants received a 30-minute class lecture
on the surgical anatomy of the temporal bone and a 5-minute
hands-on navigation task in the simulator to familiarize the
participants with the simulator controls as well as drilling using
the haptic device.

Outcome and Statistical Analysis
The virtual temporal bone final products that were auto-
saved at the end of the 30-minute sessions were assessed by
2 expert raters (P.C.-T. and M.S.S.) who were blinded to par-
ticipant, session number, and practice and tutoring groups (ex-
amples of final product progression are shown in Figure 2). The
assessment was done using a 26-item modified Welling Scale
for final product analysis of performance previously detailed.18

The final product score was calculated as the mean of the scores
assigned by the 2 raters. Data were analyzed using SPSS, ver-
sion 22 (SPSS Inc) for MacOS X with analysis of variance, Pear-
son correlation coefficient, and nonlinear regression.

Results
The 21 participants in the distributed practice group were older
(mean age, 25.1 years), more often male (15 [62%]), and had
slightly higher mean gaming frequency (2.3 on a 1-5 Likert scale
measured as never, yearly, monthly, weekly, and daily) com-
pared with the 19 participants in the massed practice group
(mean age, 23.6 years; male, 5 [26%]; mean gaming fre-
quency, 1.6). However, no significant differences of final prod-
uct performance scores were found in association with these
and other background and computer or gaming factors. In dis-
tributed practice, blocks were spaced by a mean of 7.7 days,
and there was no correlation of the number of days between

sessions with the change in final product scores between ses-
sions (Pearson r = 0.12; P = .23).

Learning curves for the mean final product performances
were plotted for distributed and massed practice of VR simu-
lation mastoidectomy with and without simulator-
integrated tutoring in the first 5 sessions (Figure 3). During the

Figure 2. An Example of Mastoidectomy Final Product Progression

Session 1
Score, 10.5

Session 6
Score, 17.0

Session 12
Score, 21.5

Final product mastoidectomy performance from sessions 1, 6, and 12 for a nontutored participant in the distributed practice group.

Figure 3. Learning Curves of Virtual Reality Mastoidectomy
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Final product performance learning curves (smoothed). Distributed practice (A)
and massed practice (B) with and without initial simulator-integrated tutoring
(sessions 1-5).
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course of the 12 sessions of repeated practice, participants’ per-
formance increased considerably in both practice groups
(Table). As expected, distributed practice was found to in-
crease performance significantly more than massed practice
by the end of the training program.

The simulator-integrated tutor function also significantly
improved participants’ performance (P < .01): the mean for
all of the tutored sessions of both practice groups was 14.6
(95% CI, 13.9-15.2) compared with 13.4 (95% CI, 12.8-14.0) for
the corresponding sessions of nontutored participants. In
both practice groups, performance decreased when tutoring
ceased; however, the performance dropped markedly more
in the massed practice group than in the distributed practice
group (Figure 3). With continued nontutored practice, the
tutored participants achieved the same score by the final ses-
sion as the nontutored participants of their respective prac-
tice group.

In nontutored massed practice, initial performance in-
creased faster than in nontutored distributed practice, but the
performance started to decline after the fourth session
(Figure 3). In contrast to this finding, the performance of the
nontutored participants in the distributed practice group as-
ymptotically increased toward a plateau. Nonlinear regres-
sion was used to fit a sigmoid function for this learning curve:
this analysis suggested a final product performance plateau of
16.0 (95% CI, 15.3-16.7) and that participants statistically
reached this level by the ninth session.

Discussion
In this study on the learning curves of mastoidectomy in re-
peated VR simulation training, we found that final product per-
formance significantly increased in both practice programs but
improved considerably more with distributed practice. In
massed practice, the mean performance started to decline af-
ter the fourth session, whereas the mean performance in the
distributed practice program gradually increased toward a pla-
teau. We also found that simulator-integrated tutoring accel-
erated initial final product performance but at the cost of a drop
in performance when tutoring was discontinued.

We used final product analysis of the mastoidectomy per-
formance, which has limitations because it does not consider
the process of the procedure—only the end result. However,
final product analysis is a validated assessment tool of mas-
toidectomy performance18,19 and made the analysis of more
than 450 performances feasible, which is a strength of this
study. A limitation of this study was the difference in partici-

pant characteristics between the 2 practice groups: video gam-
ing frequency20 and sex21 have been demonstrated to affect
novice performance in VR surgical simulation. Randomiza-
tion to practice groups was not possible for practical reasons
but could have prevented these differences, even though the
variations could not be demonstrated to be significantly as-
sociated with performance.

Consistent with established knowledge of other surgical
procedures, distributed practice of mastoidectomy was found
to be superior to massed practice. Learning and skills acqui-
sition is dependent on memory consolidation, and spacing of
practice allows this to occur.10 Distributed practice has been
demonstrated to benefit complex psychomotor skills acqui-
sition in VR simulation training of laparoscopy,9 including skills
transfer.22 However, the optimal intertraining interval for skills
practice and consolidation is still debated in the literature.23

An intertraining interval of 1 day was not sufficient for im-
proving novice performance in non-VR simulation of myrin-
gotomy with ventilation tube insertion.24 In our study, the in-
tertraining interval of distributed practice ranged from 3 to 16
days (mean, 7.7 days), which was sufficient for skills consoli-
dation because the performance increased steadily toward a
plateau. This consolidation could also be a mechanism ex-
plaining the protective effect of distributed practice on the drop
in performance when simulator-integrated tutoring was dis-
continued: the performance drop in the distributed group was
only half that observed in the massed practice group.

In a recent study,14 an automated and ongoing feedback
system was used to improve the drilling performance of nov-
ices. However, ongoing simulator-integrated tutoring in re-
peated mastoidectomy practice has, to our knowledge, not
been studied previously. We found that initial tutoring accel-
erated the learning curve and significantly increased final prod-
uct performance compared with training using the on-screen
instructional guide alone, but we also found that perfor-
mance dropped considerably when the tutor function was dis-
continued. Nonetheless, performance at this point was still well
above that of the first procedure, indicating that ongoing as-
sistance by the tutor function did not hinder learning and could
be useful for novices if applied correctly.

The main aim of this study was to propose an optimized
program for self-directed VR simulation training of mastoid-
ectomy on the basis of the different learning curves. The slope
of the learning curve of the massed practice groups could sug-
gest that 3 repeated procedures per block of training is more
effective than just the 2 we allowed in the distributed prac-
tice program. In addition, simulator-integrated tutoring was
useful and improved performance but should be used in con-

Table. Mean Final Product Scores of the First and Last Session for the 2 Practice Groups

Characteristic

Mean Score (95% CI)
Difference
Between Groups P ValueDistributed Practice Massed Practice

Session 1 10.8 (9.3-12.2) 10.0 (8.7-11.3) 0.8 .40

Session 12 15.7 (14.4-17.0) 13.0 (11.9-14.1) 2.7 .002

Difference between
sessions

4.9 3.0 NA NA

P Value <.001 .001 NA NA
Abbreviation: NA, not applicable.
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junction with distributed practice to minimize the perfor-
mance drop after tutoring is discontinued. Together, a distrib-
uted training program with blocks of practice consisting of 1
simulator-tutored procedure followed by 2 untutored proce-
dures could possibly be better but warrants investigation. Fur-
thermore, the number of blocks necessary for adequate train-
ing is not evident at this time.

The learning curve of the nontutored participants in the
distributed practice program most accurately reflects the true
learning curve of VR mastoidectomy training. This learning
curve was found to be a classic, negatively accelerated curve25

with progression (seemingly) toward a plateau after rela-
tively few practices. This outcome is consistent with the find-
ings of Nash et al,12 who demonstrated a plateau in auto-
mated simulator score performance after 4 performances in
another VR simulator, with every mastoidectomy procedure
separated by 1 week. Even though the overall score seemed to
plateau at this point, time to completion of the task was found
to decrease linearly without plateauing during the 6 repeti-
tions investigated. In our study, time was fixed at 30 minutes
to avoid time effects on performance, and the simulator could
not be closed before the 30 minutes had passed. Nonethe-
less, based on observations during data collection, we be-
lieve that a substantial improvement in time to completion ap-
plies to our participants’ performances as well.

We found the mean learning curve of the distributed non-
tutored participants to plateau at a final product score of 16 of
26 possible points. Some technical limitations in the simula-
tor could make it very hard to achieve the maximum final
product score. However, this low-level performance at plateau
cannot be attributed to such a ceiling effect26 or to the self-
directed training program alone used in this study because
the plateau is considerably lower than the highest observed
performances: 4 performances (0.9%) were rated at 20 points
or more, and 134 of all performances (29%) were rated at or
above the mean plateau (two-thirds of these being nontutored
performances).

The fitted curve suggested that the performances were
within the level of the plateau at the ninth procedure, and any
additional gain in the mean performance seemed only mod-
est after the sixth repetition. The individual learning curves
should be acknowledged at this point: different types of learn-
ing curves have been identified in surgical technical skills
training27,28 with (1) a small group demonstrating immediate
proficiency and therefore modest improvement, (2) the larg-
est group improving at different rates with repeated practice,
and (3) a small group underperforming without improve-
ment during training. Even though our study interventions al-
tered the learning curves, we found all of these patterns rep-
resented in our data, including in the nontutored distributed
practice group. In VR laparoscopic simulation, some perfor-

mances continued to increase beyond the initial plateau even
after 30 sessions.29 We also found that the performance of some
participants improved linearly without plateauing during the
12 procedures; this result substantiates that there is a high de-
gree of variability in the length and amplitude of the learning
curves of novices consistent with other reports.30 It is there-
fore possible that another order of magnitude of repetitions
could continue to improve performance beyond the level of
the initial plateau, with deliberate practice being key to avoid
arrested development.31

In general, the varying and highly individual learning
curves undermine a predefined number of practice sessions,
and training to the level of the mean plateau cannot ensure that
the trainee has received the maximal benefit possible from VR
simulation training. Such mastery learning instead calls for de-
liberate practice toward a predefined proficiency level.32 How-
ever, achieving this level is dependent on defining such a stan-
dard first and ideally using a validated performance assessment
tool. Most reported instruments for mastoidectomy perfor-
mance assessment, such as global rating scales and task-
based checklists,33,34 rely on direct observation of perfor-
mance, which, in contrast to final product analysis, can capture
process and technique aspects. Nonetheless, all of these meth-
ods are dependent on the time-consuming rating of perfor-
mance using trained experts, which seems less feasible in the
context of deliberate practice and training toward a standard-
set proficiency level. A future solution to this difficulty could
be automated assessment based on simulator-gathered met-
rics with a standard setting of the level of proficiency.

Conclusions
Massed practice is often offered in temporal bone courses in
places where training facilities do not provide an opportunity
for repeated practice at the individual needs of the trainee.
However, novices can acquire basic mastoidectomy compe-
tencies with self-directed VR simulation training, and re-
peated and distributed practice can support consolidation of
these skills whereas massed practice is suboptimal. Simulator-
integrated tutoring can accelerate the initial performance but
should be applied in a way that facilitates optimal learning. In-
dividual learning curves are highly variable; thus, the num-
ber of training sessions needed to ensure maximal benefit from
VR simulation training greatly varies. However, deliberate prac-
tice should be aimed toward an evidence-based standard level
of proficiency rather than the mean learning curve plateau.
Such a predefined proficiency level has yet to be defined but
could advantageously be established using future automatic
and simulator-based assessment for real-time feedback and
evaluation.

ARTICLE INFORMATION

Submitted for Publication: March 24, 2015; final
revision received June 20, 2015; accepted June 30,
2015.

Published Online: September 3, 2015.
doi:10.1001/jamaoto.2015.1563.

Author Contributions: Dr Andersen had full access
to all the data in the study and takes responsibility
for the integrity of the data and the accuracy of the
data analysis.
Study concept and design: Andersen, Konge,
Sørensen.

Acquisition, analysis, or interpretation of data: All
authors.
Drafting of the manuscript: Andersen.
Critical revision of the manuscript for important
intellectual content: All authors.
Statistical analysis: Andersen.

Learning Curves of Virtual Mastoidectomy Original Investigation Research

jamaotolaryngology.com (Reprinted) JAMA Otolaryngology–Head & Neck Surgery October 2015 Volume 141, Number 10 917

Copyright 2015 American Medical Association. All rights reserved.

http://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaoto.2015.1563&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaoto.2015.1563
http://www.jamaotolaryngology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaoto.2015.1563


Copyright 2015 American Medical Association. All rights reserved.

Obtained funding: Andersen, Sørensen.
Administrative, technical, or material support:
Konge, Sørensen.
Study supervision: Konge, Sørensen.

Conflict of Interest Disclosures: Dr Andersen has
received an unrestricted grant from the Oticon
Foundation for PhD studies. No other disclosures
were reported.

Funding/Support: The development of the Visible
Ear Simulator software has been financially
supported by the Oticon Foundation.

Role of the Funder/Sponsor: The Oticon
Foundation had no role in the design and conduct
of the study; collection, management, analysis, and
interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit
the manuscript for publication.

Additional Contributions: Peter Trier Mikkelsen,
DMSc (Alexandra Institute), developed the
experimental version of the Visible Ear Simulator,
and Sebastian Roed Rasmussen, BScMed, and
Andreas Pagh Kohl, BScMed (Center for Clinical
Education), assisted with data collection. There was
no financial compensation.

REFERENCES

1. Zirkle M, Roberson DW, Leuwer R, Dubrowski A.
Using a virtual reality temporal bone simulator to
assess otolaryngology trainees. Laryngoscope.
2007;117(2):258-263.

2. Sewell C, Morris D, Blevins NH, et al. Providing
metrics and performance feedback in a surgical
simulator. Comput Aided Surg. 2008;13(2):63-81.

3. Zhao YC, Kennedy G, Hall R, O’Leary S.
Differentiating levels of surgical experience on a
virtual reality temporal bone simulator. Otolaryngol
Head Neck Surg. 2010;143(5)(suppl 3):S30-S35.

4. Zhao YC, Kennedy G, Yukawa K, Pyman B,
O’Leary S. Improving temporal bone dissection
using self-directed virtual reality simulation: results
of a randomized blinded control trial. Otolaryngol
Head Neck Surg. 2011;144(3):357-364.

5. Wiet GJ, Stredney D, Kerwin T, et al. Virtual
temporal bone dissection system: OSU virtual
temporal bone system: development and testing.
Laryngoscope. 2012;122(suppl 1):S1-S12.

6. Khemani S, Arora A, Singh A, Tolley N, Darzi A.
Objective skills assessment and construct validation
of a virtual reality temporal bone simulator. Otol
Neurotol. 2012;33(7):1225-1231.

7. Ericsson KA. Deliberate practice and the
acquisition and maintenance of expert
performance in medicine and related domains.
Acad Med. 2004;79(10)(suppl):S70-S81.

8. Kneebone RL, Nestel D, Vincent C, Darzi A.
Complexity, risk and simulation in learning
procedural skills. Med Educ. 2007;41(8):808-814.

9. Mackay S, Morgan P, Datta V, Chang A, Darzi A.
Practice distribution in procedural skills training:
a randomized controlled trial. Surg Endosc. 2002;16
(6):957-961.

10. Shea CH, Lai Q, Black C, Park JH. Spacing
practice sessions across days benefits the learning
of motor skills. Hum Mov Sci. 2000;19(5):737-760.

11. Francis HW, Masood H, Laeeq K, Bhatti NI.
Defining milestones toward competency in
mastoidectomy using a skills assessment paradigm.
Laryngoscope. 2010;120(7):1417-1421.

12. Nash R, Sykes R, Majithia A, Arora A, Singh A,
Khemani S. Objective assessment of learning curves
for the Voxel-Man TempoSurg temporal bone
surgery computer simulator. J Laryngol Otol. 2012;
126(7):663-669.

13. Reznick RK. Teaching and testing technical
skills. Am J Surg. 1993;165(3):358-361.

14. Wijewickrema S, Piromchai P, Zhou Y, et al.
Developing effective automated feedback in
temporal bone surgery simulation. Otolaryngol
Head Neck Surg. 2015;152(6):1082-1088.

15. Trier P, Noe KO, Sørensen MS, Mosegaard J.
The visible ear surgery simulator. Stud Health
Technol Inform. 2008;132:523-525.

16. Sorensen MS, Mosegaard J, Trier P. The Visible
Ear Simulator: a public PC application for
GPU-accelerated haptic 3D simulation of ear
surgery based on the visible ear data. Otol Neurotol.
2009;30(4):484-487.

17. The Visible Ear Simulator. http://ves.cg.alexandra
.dk. Accessed March 16, 2015.

18. Andersen SA, Cayé-Thomasen P, Sørensen MS.
Mastoidectomy performance assessment of virtual
simulation training using final-product analysis.
Laryngoscope. 2015;125(2):431-435.

19. Butler NN, Wiet GJ. Reliability of the Welling
Scale (WS1) for rating temporal bone dissection
performance. Laryngoscope. 2007;117(10):
1803-1808.

20. Kennedy AM, Boyle EM, Traynor O, Walsh T,
Hill AD. Video gaming enhances psychomotor skills
but not visuospatial and perceptual abilities in
surgical trainees. J Surg Educ. 2011;68(5):414-420.

21. Ali A, Subhi Y, Ringsted C, Konge L. Gender
differences in the acquisition of surgical skills:
a systematic review [published online January 29,
2015]. Surg Endosc. doi:10.1007/s00464-015
-4092-2.

22. Moulton CA, Dubrowski A, Macrae H, Graham
B, Grober E, Reznick R. Teaching surgical skills:
what kind of practice makes perfect? a randomized,
controlled trial. Ann Surg. 2006;244(3):400-409.

23. Stefanidis D, Walters KC, Mostafavi A, Heniford
BT. What is the ideal interval between training
sessions during proficiency-based laparoscopic
simulator training? Am J Surg. 2009;197(1):126-129.

24. Kesser BW, Hallman M, Murphy L, Tillar M,
Keeley M, Peirce S. Interval vs massed training: how
best do we teach surgery? Otolaryngol Head Neck
Surg. 2014;150(1):61-67.

25. Magill RA. Motor Learning and Control:
Concepts and Applications. 8th ed. New York, NY:
McGraw-Hill; 2007.

26. Munz Y, Moorthy K, Bann S, Shah J, Ivanova S,
Darzi SA. Ceiling effect in technical skills of surgical
residents. Am J Surg. 2004;188(3):294-300.

27. Grantcharov TP, Funch-Jensen P. Can everyone
achieve proficiency with the laparoscopic
technique? learning curve patterns in technical
skills acquisition. Am J Surg. 2009;197(4):447-449.

28. Schijven MP, Jakimowicz J. The learning curve
on the Xitact LS 500 laparoscopy simulator:
profiles of performance. Surg Endosc. 2004;18(1):
121-127.

29. Brunner WC, Korndorffer JR Jr, Sierra R, et al.
Laparoscopic virtual reality training: are 30
repetitions enough? J Surg Res. 2004;122(2):150-156.

30. Konge L, Annema J, Vilmann P, Clementsen P,
Ringsted C. Transesophageal ultrasonography for
lung cancer staging: learning curves of
pulmonologists. J Thorac Oncol. 2013;8(11):1402-1408.

31. Ericsson KA. The influence of experience and
deliberate practice on the development of superior
expert performance. In: Ericsson KA, Charness N,
Feltovich PJ, Hoffman RR, eds. The Cambridge
Handbook of Expertise and Expert Performance.
New York, NY: Cambridge University Press; 2005:
685-704.

32. McGaghie WC, Issenberg SB, Barsuk JH, Wayne
DB. A critical review of simulation-based mastery
learning with translational outcomes. Med Educ.
2014;48(4):375-385.

33. Zirkle M, Taplin MA, Anthony R, Dubrowski A.
Objective assessment of temporal bone drilling
skills. Ann Otol Rhinol Laryngol. 2007;116(11):
793-798.

34. Laeeq K, Bhatti NI, Carey JP, et al. Pilot
testing of an assessment tool for competency in
mastoidectomy. Laryngoscope. 2009;119(12):
2402-2410.

Research Original Investigation Learning Curves of Virtual Mastoidectomy

918 JAMA Otolaryngology–Head & Neck Surgery October 2015 Volume 141, Number 10 (Reprinted) jamaotolaryngology.com

Copyright 2015 American Medical Association. All rights reserved.

http://www.ncbi.nlm.nih.gov/pubmed/17204992
http://www.ncbi.nlm.nih.gov/pubmed/17204992
http://www.ncbi.nlm.nih.gov/pubmed/18317956
http://www.ncbi.nlm.nih.gov/pubmed/20970690
http://www.ncbi.nlm.nih.gov/pubmed/20970690
http://www.ncbi.nlm.nih.gov/pubmed/21493196
http://www.ncbi.nlm.nih.gov/pubmed/21493196
http://www.ncbi.nlm.nih.gov/pubmed/22294268
http://www.ncbi.nlm.nih.gov/pubmed/22858711
http://www.ncbi.nlm.nih.gov/pubmed/22858711
http://www.ncbi.nlm.nih.gov/pubmed/15383395
http://www.ncbi.nlm.nih.gov/pubmed/17661889
http://www.ncbi.nlm.nih.gov/pubmed/12163963
http://www.ncbi.nlm.nih.gov/pubmed/12163963
http://www.ncbi.nlm.nih.gov/pubmed/20578231
http://www.ncbi.nlm.nih.gov/pubmed/22643313
http://www.ncbi.nlm.nih.gov/pubmed/22643313
http://www.ncbi.nlm.nih.gov/pubmed/8447543
http://www.ncbi.nlm.nih.gov/pubmed/25681488
http://www.ncbi.nlm.nih.gov/pubmed/25681488
http://www.ncbi.nlm.nih.gov/pubmed/18391361
http://www.ncbi.nlm.nih.gov/pubmed/18391361
http://www.ncbi.nlm.nih.gov/pubmed/19546800
http://www.ncbi.nlm.nih.gov/pubmed/19546800
http://ves.cg.alexandra.dk
http://ves.cg.alexandra.dk
http://www.ncbi.nlm.nih.gov/pubmed/25043448
http://www.ncbi.nlm.nih.gov/pubmed/17721407
http://www.ncbi.nlm.nih.gov/pubmed/17721407
http://www.ncbi.nlm.nih.gov/pubmed/21821223
http://dx.doi.org/10.1007/s00464-015-4092-2
http://dx.doi.org/10.1007/s00464-015-4092-2
http://www.ncbi.nlm.nih.gov/pubmed/16926566
http://www.ncbi.nlm.nih.gov/pubmed/19101255
http://www.ncbi.nlm.nih.gov/pubmed/24270165
http://www.ncbi.nlm.nih.gov/pubmed/24270165
http://www.ncbi.nlm.nih.gov/pubmed/15450837
http://www.ncbi.nlm.nih.gov/pubmed/19217604
http://www.ncbi.nlm.nih.gov/pubmed/14625738
http://www.ncbi.nlm.nih.gov/pubmed/14625738
http://www.ncbi.nlm.nih.gov/pubmed/15555611
http://www.ncbi.nlm.nih.gov/pubmed/24077453
http://www.ncbi.nlm.nih.gov/pubmed/24606621
http://www.ncbi.nlm.nih.gov/pubmed/24606621
http://www.ncbi.nlm.nih.gov/pubmed/18074662
http://www.ncbi.nlm.nih.gov/pubmed/18074662
http://www.ncbi.nlm.nih.gov/pubmed/19885831
http://www.ncbi.nlm.nih.gov/pubmed/19885831
http://www.jamaotolaryngology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaoto.2015.1563



