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Abstract 

Objective: To investigate the effects of automated metrics-based summative feedback on 

performance, retention and cognitive load in distributed virtual reality (VR) simulation training of 

Method: Twenty-four medical students were randomised in two groups and performed 15 

mastoidectomies on a distributed virtual reality simulator as practice. The intervention group 

received additional summative metrics-based feedback; the control group followed standard 

instructions. Two to three months after training, participants performed a retention test without 

learning supports. 

Results: The intervention group had a better final-product score (mean difference = 1.0 points; p = 

0.001) and metrics-based score (mean difference = 12.7; p < 0.001). At retention, the metrics-based 

score for the intervention group remained superior (mean difference =6.9 per cent; p = 0.02). Also 

at the retention, cognitive load was higher in the intervention group (mean difference = 10.0 per 

cent; p < 0.001). 
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Conclusion: Summative metrics-based feedback improved performance and lead to a safer and 

faster performance compared with standard instructions and seems a valuable educational tool in 

the early acquisition of temporal bone skills.  

 

Keywords: Temporal bone surgery; mastoidectomy; surgical education; simulation-based training; 

summative feedback; directed self-regulated learning 
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Introduction 

Most surgical proceduresincluding in temporal bone surgeryrequire demanding cognitive and 

psychomotor skills of the surgeon. High-quality training with repeated practice is important to 

ensure competency, a good surgical outcome, and patient safety (1). Novices have traditionally 

been introduced to temporal bone surgery through hands-on cadaveric dissection (2). Nevertheless, 

due to a decrease of human cadaveric temporal bones available for dissection (3), interest in 

alternative training methods such as virtual reality (VR) simulation has increased. Even though 

evidence for efficacy of VR simulation training is well-established (4–6), implementation and 

systematic integration in the curriculum is often limited (3).  

 

Virtual reality simulation allows the trainee to practice on an unlimited number of cases but also 

provides the opportunity for directed, self-regulated learning (DSRL) (7). This represents a self-

directed learning experience in which the trainees are able to regulate their own learning, scaffolded 

by instructional design and learning supports provided by the educator, and without the presence of 

a human instructor (7). Several benefits of DSRL have been reported for example long-term 

benefits on performance as well as cost-effectiveness because little or no presence of an instructor 

is needed (8,9). Feedback has consistently been identified as a key feature of successful simulation-

based surgical training (10,11) and this can be provided by the simulator itself (12–15). Altogether, 

this allows trainees to practice and acquire surgical skills at any time—even at home (9). 

 

In temporal bone surgical skills training, VR simulation with continuous simulator-integrated 

tutoring has been found to accelerate the initial learning curves of novices (16). However, after just 

few procedures novices reach a seeming plateau of learning curve due to tutoring over-reliance 

(17). In accordance with the “guidance hypothesis”, this over-reliance on continuous (concurrent) 

feedback negatively affects performance when the feedback is withdrawn (18). Feedback also 
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affects the cognitive processes of the learner (19) and cognitive load theory provides a theoretical 

framework for understanding learning from a cognitive perspective. The main premise of cognitive 

load theory is that working memory and information processing capacity is limited, especially for 

the novice learner (20). If the sum of cognitive load exceeds the capacity of the learner, this will 

induce a cognitive overload that negatively affects performance and learning (21,22). However, 

some cognitive load (the germane load) is required for the formation of mental schemata (i.e. 

learning) and continuous feedback can interact with this process (23). 

 

In contrast to continuous feedback, the use of summative (terminal) feedback appears to result in 

better learning (19). In VR temporal bone surgical simulation, such summative feedback has mostly 

been based on experts’ rating performance using structured assessment tools (24). This is time-

consuming and either requires instructor presence during the training situation or later assessment 

based on recording of the procedure or evaluation of the final product. This makes timely 

summative feedback nearly impossible. Many simulator-gathered metrics for performance have 

been suggested (25) and recent efforts on integrating these into valid assessment enables automated 

and immediate summative feedback (14). In other procedural skills such as endoscopy (26) and 

ultrasound (27), automatized simulator-based feedback has shown positive effects on novices’ 

performance. 

 

Very little is known about the effects of using summative feedback in VR temporal bone simulation 

training but we hypothesize that it will improve end-of-training performance, increase retention of 

skills as well as modify cognitive load for the novice. In this study, we therefore want to compare 

summative feedback based on simulator metrics with standard training without summative feedback 

in distributed VR simulation training of mastoidectomy. 
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Material and methods 

Study design, participants and setting 

This was a prospective, controlled, randomized trial of an educational intervention. 

 

To represent true novice trainees, twenty-seven medical students were recruited from the University 

of Copenhagen, Denmark and twenty-four completed the training program. Figure 1 shows the 

CONSORT flow diagram. Participants were recruited from both clinical and non-clinical semesters 

but none had any clinical exposure to temporal bone surgery as this is not part of the pre-graduate 

curriculum. Prior temporal bone surgical simulation training was the only exclusion criterion. 

Participants were volunteers and did not receive compensation and the training was considered an 

extracurricular activity. The trial took place at the Simulation Centre at Copenhagen Academy of 

Medical Education and Simulation (CAMES) from October–December 2019 with retention testing 

in February–March 2020. 

 

Simulation equipment 

The VR simulation platform used was an experimental version of the Visible Ear Simulator (VES) 

version 2.1 that features recording a range of simulator-integrated metrics for feedback (14). VES is 

a high-fidelity VR temporal bone surgical simulator offered as academic freeware online (28). The 

simulator uses the Geomagic Touch haptic device (3D Systems, Rockhill, SC, USA) for drilling of 

a virtual temporal bone with force feedback. 

 

Randomization 

Participants were randomized by the first author (A.F.) with a 1:1 allocation ratio into two groups 

using an online random sequence generator before starting the training program. Upon dropout, a 

new participant was recruited and assigned the same group as the dropped-out participant. 
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Intervention 

Participants in both groups first completed a background questionnaire. Next, participants were 

introduced to the simulator’s navigation and controls by a brief and individual hands-on exercise (5 

minutes).  

 

Both training programs (control and intervention) consisted of five blocks of distributed training: 

each block was spaced by at least one week and consisted of three identical procedures (complete 

anatomical mastoidectomies with posterior tympanotomy). As a warm-up, participants were guided 

by color-coding (green-lighting) of the bone volume to be drilled in procedure 1 (baseline) but not 

during any of the following procedures (procedures 2–15). Both groups had access to an on-screen-

step-by-step dissection guide (standard instructions), which was available at all times during all 

training procedures. There was no time limit for the procedures. 

 

In contrast to the control group, the intervention group received structured, written summative 

feedback based on simulator metrics immediately after each procedure (14). This scoring and 

feedback sheet (Appendix A, Supplemental Digital Content) provides the participant an overall 

metrics-based score as well as feedback on choice of drill, bone volume removed, collisions with 

important anatomical structures including the dura, facial nerve, chorda tympani, semi-circular 

canals and the ossicles. 

 

Two months after finishing the initial training, all participants were invited back for retention 

testing. This consisted of two procedures (procedure 16–17) identical to the training procedures, 

however, without access to the on-screen instructions and without summative feedback or access to 

prior scoring-sheets. 
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Outcomes 

The primary outcome was manual assessment of the mastoidectomy performance (final-product 

score, FPS). This was done after the trial using a 26-item modified Welling Scale for final-product 

analysis (29) of the end results of the drilling (Figure 2). Two experienced raters (S.A. and M.S.), 

who were blinded to participant, procedure number, and group assignment, assessed the 

performances.  

 

A secondary outcome was the metrics-based score (MBS), which is based on five sub-scores 

combining different metrics and reflecting a correct use of drills, efficiency, and goal-directed 

drilling behavior. A proficiency level (i.e. pass) for this score has previously been established at a 

MBS of 83.6% (14). We further added a collisions score based on the number of collisions with 

critical structures and also recorded the time used for the procedure. 

 

Cognitive load (CL) was another secondary outcome and was measured by secondary-task reaction 

time, which is an established method for estimating CL (30). This was done using reaction timer 

(American educational products, LLC, USA) measuring the time (in 1/100 s) it takes to press on a 

foot switch in response to at beep. Measurements were performed in series of four at baseline 

(before and after training) and at t=5 min and t=15 min during the simulation. Cognitive load was 

calculated as the mean reaction time during simulation divided by the mean reaction time at 

baseline (i.e. the relative reaction time) (31).  

 

Sample size 

Sample size calculations were based on experience from similar studies because sample size 

calculations for repeated measurements designs are not well-defined. Therefore, we chose 12 
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participants in each arm, which based on previous studies should be able to detect a 10% difference 

in the final-product outcome. 

 

Statistical methods 

Data were analyzed using SPSS version 25 (IBM, Armonk, NY, USA) for Mac OSX. Due to 

repeated measurements, linear mixed models (LMM) using the principles outlined by Leppink (32) 

were used in the analyses. Models were iteratively built to investigate the different factors and their 

interactions as fixed effects: for the FPS, the final model included group, procedure number, and 

rater; for the MBS outcomes, the final model included group and the procedure number; for the CL 

outcome, the final model included only group as timing of reaction because time measurement 

during the procedure (t=5 min and t=15 min) and procedure number was not found to influence CL; 

for the retention procedures, the corresponding models included group and rater (FPS) or group 

only (MBS and CL). Estimated marginal means and P values of the LMM are reported. P values 

<0.05 are considered statistically significant. 

 

Ethics 

The Regional Ethical Committee of the Capital Region of Denmark found this educational trial 

exempt (H-19069755). Written consent was obtained from participants. 

 

Results 

Participants in the control and intervention groups had similar baseline characteristics including 

self-reported computer skills and gaming frequency (Table 1, participant demographics).  

 

Effects on final-product score (FPS)  
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For the expert assessment of the FPS performance, the two groups had similar performance at 

baseline (i.e. the warm-up procedure) (mean difference=0.7 points; p=0.45). During the trial, FPS 

increased with repeated practice (0.08 points per procedure; p=0.045) in both groups as expected 

(Figure 3). Importantly, we found that the intervention group significantly outperformed the control 

group (mean diff.=1.0 points, p=0.001). At retention testing, the intervention group performed 

slightly better than the control group but this was not statistically significant (Table 2). 

 

Effects on metrics-based score (MBS), collisions and time 

For performance assessment using the automated MBS, we found similar results. Participants 

scored similarly at baseline (mean diff.=1.9; p=0.60) and repeated practice increased the MBS 

(1.6% per procedure; p<0.001). During training, the intervention group performed far superiorly to 

the control group (mean difference 12.7%; p<0.001: Figure 4). This also resulted in the intervention 

group having more total performances that passed the pre-defined proficiency level compared with 

the control group (41.6% vs. 8.8%; p<0.001). Finally, at retention testing, the intervention group 

continued to have a higher MBS compared with the control-group (mean diff.=6.9%; p=0.02) 

(Table 2). We found a poor correlation between the MBS and FPS (r2=-0.04). 

 

For collisions and time, the intervention group made significantly fewer total collisions (mean 43.4 

vs 54.1; p<0.001) and also completed the procedure using less time compared with the control 

group (mean diff.=4.6 min; p<0.001). At retention testing, we found no statistically significant 

difference in the number of collisions (mean diff.=6.3; p=0.31) or time (mean diff.=2.4 min; 

p=0.35). 

 

Effects on cognitive load 

There was no difference in CL between the intervention and control group at baseline (mean 

diff.=6.2%; p=0.33) or during training (mean diff.=1%; p=0.20) and CL did not decrease with 
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repeated practice. In contrast, the intervention group was found to have a higher CL compared with 

the control group during retention testing (mean diff.=10%; p<0.001) (Table 2). When comparing 

CL at the end-of-training (procedures 13–15) with the retention test (procedures 16–17), CL was 

7.1% higher for the intervention group (p=0.005) whereas the control group experienced a 1.8% 

decrease in CL (p=0.005) 

 

Discussion 

Overall, we found that the summative feedback intervention improved novices’ performances 

during VR simulation training considerably and accelerated the initial learning curve using both 

manual assessment and automated scoring based on simulator-metrics as outcome. Further, the 

intervention resulted in fewer collisions with key structures, for example the facial nerve and also 

decreased time to complete the procedure. At the retention test MBS remained higher for the 

intervention group, however there was no significant difference in performance for the FPS. The 

intervention did not affect CL during training, however, during the retention testing, the CL induced 

in the intervention group was significantly increased. 

 

It is not surprising that the intervention group had a higher MBS compared with the control group 

during the training since the intervention group received this score along with feedback based on 

the same metrics after each completed procedure. The control group however, did not receive any 

summative feedback. The learning curves of the two groups (Figure 3 & 4) follows a classic pattern 

with fast acceleration of performance initially and then gradually plateauing after just a few 

performance (i.e. negatively accelerated learning curve) (16). The difference in MBS between the 

two groups observed already at procedure number two reflects the feedback the intervention group 

received after completing the warm-up procedure (procedure one). The MBS mainly reflects 

process and efficiency for example choosing the appropriate burr size and type, time aspects, and 
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goal-directed behavior. In line with previously14, we found the MBS to correlate poorly with the 

manually FPS, which considers only the end result and emphasizes safety-related parts of the 

procedure such as avoiding drilling holes and damaging key structures (14,33). Nevertheless, 

providing the participants with the summative MBS and collision information had a positive impact 

on their final-product performance (FPS). Consequently, the automated summative feedback 

appears to be a strong educational tool for directed, self-regulated learning. Ultimately, this allows 

learners to develop basic surgical skills in mastoidectomy, reducing the need for human instructors 

(7), who can be saved for more advanced training for example on cadavers. 

 

Our study adds new knowledge for several reasons: First, it is the first study to investigate 

automated summative feedback in temporal bone training as all previous studies have used 

continuous (real-time feedback) for example through green-lighting (12,34,35).  Next, we have 

studied the effect in a prolonged, distributed training program, which is closer to real-life training 

conditions. Also, we included retention testing after two–three months to study the effect on longer 

term performance. Finally, we did not only measure the performance as simulator-gathered score 

(MBS), but also as assessed by experts using an established mastoidectomy assessment tool (FPS). 

 

This study on summative feedback was motivated by previous findings, which demonstrated that 

real-time feedback may have negative effects when it is withdrawn (16). This is likely explained by 

tutoring over-reliance, which easily occurs in early stages of learning. In contrast, we now report 

how summative feedback does not have the same negative impact on acquisition of skills or 

retention, which is consistence with “the guidance hypothesis”(19). A future step would be to 

investigate further the effects of summative feedback on transfer of simulation skills to performance 

in cadaveric dissection.  
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We found cognitive load to be similar and stable for the two groups during training. Surprisingly, 

during the retention testing, a higher CL was induced in the intervention group. Other studies within 

VR simulation-based training of mastoidectomy have found that other learning supports affect CL 

(36,37): For example, continuous feedback through automated tutoring reduces CL during training 

but at the cost of inducing a very high CL when tutoring is withdrawn. According to cognitive load 

theory, a low CL during training of complex skills is not unconditionally beneficial for actual 

learning as indeed some cognitive resources need to be allocated for the learning process itself (38). 

The sub-components of CL are difficult to measure separately and because relative reaction time 

estimates the total CL, we are not able to determine if there are differences in the distribution 

between sub-components in our two groups. 

 

A limitation of our study is that we used medical students as participants. In contrast to even first-

year residents, medical students are true novices in relation to the procedure and their learning 

objectives and motivation might therefore be very different. Consequently, we cannot directly 

extrapolate our results to more experienced learners and future studies should investigate if the 

findings also apply to for an example ORL or neurosurgery residents. Further, we did not 

investigate a transfer outcome such as performance in cadaver dissection or in the OR. As the VR 

environment differs from the OR in several ways (e.g. no bleeding or need for handling suction 

exists), a complete transfer of skills cannot be expected. (5,40,41) A strength of our study is that our 

training program was distributed (i.e. comprised multiple sessions separated by several days), 

which not only is an important part of DSRL (40) but also results in better acquisition of skills in 

temporal bone surgery compared with massed practice (16,41). Validity evidence for the MBS we 

used for summative feedback has been established (14). However, metrics are simulator-specific 

and vary between simulators (25) and consequently, integration of MBS for summative feedback in 

other simulators requires context-specific validity evidence to be collected. 
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Our study has several implications for VR simulation-based training in temporal bone surgery. 

Automated, summative metrics-based feedback leads to an improved training and retention 

performance, supporting directed, self-regulated learning where the trainee can practice without the 

presence of human instructors. Further, learning curves were accelerated and even though the 

performance-gap between the control and intervention group in this study might diminish over 

time, summative metrics-based feedback can help reduce training time to a given level of 

competence. The metrics-based feedback also resulted in a more efficient and safer drilling 

behavior, which hopefully could translate into a safe clinical behavior as well. Finally, VR 

simulation training should be considered a first step before using other training modalities, saving 

for example cadaver and instructional resources until the trainee has demonstrated adequate skills in 

simulation. A comprehensive surgical training curriculum should integrate different training 

modalities and implement mastery learning where feedback, score-tracking, and testing constitute 

crucial elements (42). 

 

Conclusion 

Summative metrics-based feedback has several positive effects on novices’ performance in VR 

simulation-based training of temporal bone surgery. This includes; increasing performance during 

training, reducing the number of collisions with key structures, and reducing time for each 

simulated procedure. These positive effects seemed to be retained to some degree after two-three 

months. For these reasons, summative feedback can potentially lead to a safer, better and more 

efficient performance. The intervention did not seem to affect the total cognitive load during 

training most likely because cognitive resources were allocated towards germane load (i.e. 

formation of mental schemata). Altogether, automated metrics-based summative feedback is a 

valuable educational tool in novices’ initial mastoidectomy skills acquisition and can be integrated 
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as a support for directed, self-regulated learning in the basic temporal bone skills training 

curriculum. 
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TABLE & FIGURE LEGENDS 

 

Table 1. Participant characteristics 

 Intervention 
Structured summative 

feedback 

Control 
No feedback 

No. of participants 12 12 

Age, mean (SD) 23 (1.4) 26 (9.9) 

Sex, N   

    Female 8 6 

    Male 4 6 

Weekly computer usage excl. work (hours), mean (SD) 8.1 (6.8) 9.8 (5.3) 

Self-reported computer skills (Likert scale 1-7), mean (SD) 5.1 (0.7) 4.3 (1.4) 

Gaming frequency (Likert scale 1-5), mean (SD) 3.9 (1.1) 3.6 (1.4) 

 

 

Table 2. Performance in retention testing. 

 

Mean final-product score, 

points 

Mean metrics-based 

score, % 

Relative increase in 

cognitive load, % 

Intervention group 15.3 (95% CI [14.2 to 16.4]) 81.5 (95% CI 77.5 to 85.4) 30.0 (95% CI 26.4 to 33.5) 

Control group 14.4 (95% CI [13.3 to 15.4]) 74.6 (95% CI 70.6 to 78.6) 20.0 (95% CI 16.5 to 23.6) 

P-value .23 .02 <.001 
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Figure 1. CONSORT flow diagram. 

 

 

Figure 2.  Simulation set-up (left) and an example of a mastoidectomy final-product after a training 

procedure (right). 
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Figure 3. Final product score learning curves of training sessions (procedure 2–15). Means plot 

(estimated marginal means). Bars mark 95 % CI. 
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Figure 4. Metrics-based scores learning curves of training sessions (procedure 1–15). Means plot 

(estimated marginal means). Bars mark 95 % CI. 

 


