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OBJECTIVE: To explore optimal feedback methodolo-
gies to enhance trainee skill acquisition in simulated sur-

gical bimanual skills learning during brain tumor

resections.

HYPOTHESES: (1) Providing feedback results in better

learning outcomes in teaching surgical technical skill

when compared to practice alone with no tailored per-

formance feedback. (2) Providing more visual and visuo-

spatial feedback results in better learning outcomes

when compared to providing numerical feedback.

DESIGN: A prospective 4-parallel-arm randomized con-

trolled trial.

SETTING: Neurosurgical Simulation and Artificial Intelli-

gence Learning Centre, McGill University, Canada.
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PARTICIPANTS: Medical students (n = 120) from 4 Que-
bec medical schools.

RESULTS: Participants completed a virtually simulated

tumor resection task 5 times while receiving 1 of 4
feedback based on their group allocation: (1) practice-

alone without feedback, (2) numerical feedback,

(3) visual feedback, and (4) visuospatial feedback. Out-

come measures were participants’ scores on 14-perfor-

mance metrics and the number of expert benchmarks

achieved during each task. There were no significant

differences in the first task which determined baseline

performance. A statistically significant interaction
between feedback allocation and task repetition was

found on the number of benchmarks achieved, F

(10.558, 408.257)=3.220, p < 0.001. Participants in all

feedback groups significantly improved their perfor-

mance compared to baseline. The visual feedback

group achieved significantly higher number of bench-

marks than the practice-alone group by the third repe-

tition of the task, p = 0.005, 95%CI [0.42 3.25]. Visual
feedback and visuospatial feedback improved perfor-

mance significantly by the second repetition of the

task, p = 0.016, 95%CI [0.19 2.71] and p = 0.003,

95%CI [0.4 2.57], respectively.

CONCLUSION: Simulations with autonomous visual

computer assistance may be effective pedagogical tools

in teaching bimanual operative skills via visual and visuo-

spatial feedback information delivery. ( J Surg Ed
11931-7204/$30.00s in Surgery. Published by
https://doi.org/10.1016/j.jsurg.2023.11.001
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INTRODUCTION

In medical education, advancing educational technolo-

gies promise to support trainee learning.1 Among these,

computer-assisted tools, such as artificial intelligent

tutors, emerged as appropriate candidates to guide inde-

pendent learning, and some offered advantages over tra-

ditional learning.2 In surgical education, simulation

platforms equipped with automated feedback systems
allow learners to practice their bimanual surgical skills

in a risk-free environment without the need for

supervision.3,4 This liberates instructors’ time to be

invested in other aspects of patient care or surgical edu-

cation such as mentorship. A key technical advantage of

these computer-assisted systems is their ability to differ-

entiate the expertise level of surgeons with granularity

and precision.3,5 This not only presents new perspec-
tives to understand the composites of expertise, but

increases efficiency in trainee learning by providing

quantifiable learning objectives, for which specific feed-

back and actionable goals can be directed to improve

performance.2 In addition, these systems can provide

trainees with detailed visuospatial information about

their bimanual performance which may increase their

three-dimensional appreciation of surgical performance
on anatomical structures.6

In medical education, extensive research is conducted

to design effective curricula.7-9 Teaching methodologies

focus on increasing trainee engagement in learning

while the students efficiently master their skills.

Although quantifying surgical bimanual skills serves the

purpose of providing objective feedback, this data

can be presented to learners in a variety of formats
such as numerical, visual, spatial, video, haptic, and

auditory.3,10,11 However, because of the relative recency

of these educational tools in surgical simulation training,

more research is needed to evaluate the effectiveness of

various feedback modalities to maximize efficiency in

teaching technical skills. This randomized control trial

investigated the effect of four feedback protocols includ-

ing numerical, visual, and visuospatial feedback along
with practice alone with no tailored performance feed-

back, as a control, to evaluate the rate of acquisition of
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technical skills of medical students. The objectives were:

(1) To explore the effect of feedback to the learning rate

in surgical simulation training in comparison with prac-

tice without feedback. (2) To determine how more
visual and spatial feedback modalities compare with

numerical feedback.
METHODS

Setting

This four-parallel arm randomized controlled trial (trial

registration: ISRCTN17590019) was conducted at the

Neurosurgical Simulation and Artificial Intelligence

Learning Centre, McGill University, Montreal, Canada.

Medical students in first to fourth year from 4 universi-

ties in the Province of Quebec were invited to partici-

pate in the trial. Data was collected between July 2019

and October 2020, in 60-minute simulation sessions
with no follow-up (Fig. 1). One hundred and twenty

medical students participated in the trial, and no exclu-

sion criteria were applied. No changes were made to the

methods after trial commencement. An online random

number generator was used to determine participant

group allocation. Study procedures were in accordance

with the ethical standards of the responsible committee

on human experimentation (institutional and national)
and with the Declaration of Helsinki.12 COVID-19 public

health measurements and the Montreal Neurological

Institute and Hospital’s protocols were followed to

ensure participants’ and researchers’ safety during the

conduct of the study. The time frame of the trial was pre-

determined with no restrictions on the number of simu-

lation sessions that could take place. The trial

participation was terminated with the restrictions
imposed by changes to public health protocols due to

COVID-19 pandemic in October 2020 while the number

of participants sufficed a statistical power of 0.99 for

between- within-group interaction. This study was

approved by the McGill University Health Centre

Research Ethics Board, Neurosciences-Psychiatry. An

approved consent form was signed by all study partici-

pants before trial participation. All participants filled a
pre-questionnaire related to demographics and previous

simulation experience and surgical exposure (Table 1).

A postquestionnaire was completed after the trial for the

rating of the simulation learning (Supplementary Table

2). This report adheres to guidelines for the reporting of

multi-arm parallel group randomized trials, extension of

the CONSORT 2010 Statement.13 Study interventions

involved no harm to participants. Participants were
informed that their information will be anonymized, and

despite the careful measures taken to avoid the chance
nal of Surgical Education � Volume 00/Number 00 � Month 2023



FIGURE 1. Flow diagram. One hundred twenty students were randomly allocated into 4 different feedback groups including practice-alone with no tailored
performance feedback group. No participant/data was excluded from the analysis.

TABLE 1. Participant Characteristics

Group 1 Practice
AloneWith No
Feedback (n =30)

Group 2 No Visual
Feedback (n=30)

Group 3 Visual
Feedback (n=29)

Group 4
Visuospatial
Feedback (n=31)

All Participants
(n =120)

Mean age § SD (range) 23.6 § 4.8 (19-44) 22.8 § 3.3 (19-31) 22.4 § 2.6 (19-28) 23.6 § 3.5 (18-33) 23.1 § 3.6 (18-44)
Male/female 18/12 18/12 18/11 17/14 71/49
Handedness (right/left/
ambidextrous)

27/3/0 28/2/0 24/4/1 29/1/1 108/10/2

Medical school:
McGill University 24 22 21 25 92
University of Montreal 5 6 4 5 20
University of Sherbrooke 1 2 3 1 7
University of Laval 0 0 1 0 1
Year in medical school:
1st 16 21 18 20 75
2nd 10 6 7 8 31
3rd 3 2 2 1 8
4th 1 1 2 2 6

Level of interest in surgery,
median (range)

4 (2-5) 4 (1-5) 4 (1-5) 4 (1-5) 4 (1-5)

Completed surgical rotation
(Y/N)

2/28 1/29 2/27 2/29 7/113

Playing video games:
Not at all 12 13 13 13 51
Occasionally (less than 2 hours
per week)

9 9 7 9 34

Often (2-10 hours per week) 6 8 6 6 26
Very often (more than 10 hours
per week)

3 0 3 3 9

Playing musical instruments:
I don't play any musical
instrument

11 14 9 17 51

Yes, I am at beginner level 6 4 6 3 19
Yes, I am at intermediate level 6 7 8 6 27
Yes, I am at advanced level 6 4 4 5 19
Yes, I am at master level 1 0 2 0 3

Previously used virtual reality
simulation (Y/N)

1/29 2/28 0/29 2/29 5/115
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FIGURE 2. Simulated scenario. (a) The virtually simulated task involved the subpial resection of a rectangular yellow tumor using an ultrasonic aspirator in the
dominant hand and bipolar forceps in the non-dominant hand. (b) The goal of the task was to remove the tumor completely while minimizing injury to surround-
ing tissues. (c) There was a blood vessel with ability to bleed, located posterior to the tumor. (d) Any damage to this blood vessel resulted in bleeding. (e) Ultra-
sonic aspirator was used to aspirate the blood and bipolar was used to cauterize the bleeding vessel. (f) The appearance of the tissue after successful
cauterization.
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that they may be identified, their trial performance
would have no influence on their academic evaluation.
Simulation Setting

The NeuroVR (previously NeuroTouch) neurosurgical

simulation platform (CAE Healthcare, Montreal, Canada)

with haptic feedback was utilized.14 The haptic feedback

integrated in the instrument handles was to provide a

more realistic experience for all participants of the study
regardless of the feedback interventions they receive for

learning. This haptic technology allowed the integration

of learning feedback on instrument force utilization for

the study groups as trainees interact with delicate tissues

during the simulated performance. The simulated task

was previously developed to replicate the subpial resec-

tion of brain tumors.15 Participants performed this simu-

lated subpial tumor resection task 5 times with 5
minutes given to complete each task. The simulated sce-

nario included the subpial resection of a yellow rectan-

gular tumor (Fig. 2) using a simulated ultrasonic

aspirator and bipolar forceps to completely remove the

tumor within the time limit while minimizing damage to

the surrounding tissue which mimics the adjacent nor-

mal gyrus.5,16 Both instruments were activated using

pedals. Part of the tumor was placed under healthy brain
tissue where lifting this simulated pial layer using the

bipolar was necessary to gain access and remove the
4 Jour
remaining underlying tumor. A blood vessel was incor-
porated into the simulation adjacent to the distal tumor

wall and bleeding resulted from injury to this vessel.

Bleeding was controlled utilizing the cauterizing func-

tion of the bipolar forceps (Fig. 2e). The NeuroVR plat-

form recorded performance data in 20-millisecond

increments (50 recording per second) involving time,

the information of force applied by the 2 instruments,

instrument tip location, amount of tissue and tumor
removed, amount of bleeding, and pedal activation.

Expert Level Benchmarks

Expert level benchmarks were developed using previ-
ously validated 14-performance metrics,3,5,17 described

in the results section. The data used to develop these

benchmarks was previously available in our center and

was recorded during 14 neurosurgeons’ performance on

the same simulated tumor resection task. Using this data-

set, expert mean, and standard deviation values were cal-

culated for each performance metrics to define the limits

of the expert level benchmark. A metric score between 1
standard deviation above and below the mean was con-

sidered within the benchmark for that task.

Feedback Setting

Four feedback protocols included (1) practice alone

with no tailored performance feedback, (2) numerical
nal of Surgical Education � Volume 00/Number 00 � Month 2023



ARTICLE IN PRESS
feedback, (3) visual feedback, and (4) visuospatial

feedback. All participants received standard verbal

and written instructions before the start of the trial

including how to use the simulator handles to carry
out the simulated procedure and the feedback infor-

mation they would be provided with. All participants

were also informed concerning the 14-performance

metrics that would be used to assess their perfor-

mance. The data recorded by the simulator was used

to calculate participants’ metric scores and determine

whether they are within the benchmarks. Participants

were given 5 minutes between the tasks either to
rest or receive the feedback information correspond-

ing their group allocation. After each task, partici-

pants in Group-1 (n=30) received no tailored

performance feedback. In Group-2 (n = 30), partici-

pants received a printed copy of their performance

scores on the 14 metrics that was compared with

expert level benchmarks (Supplementary Fig. 1). Any

performance score falling above or below the expert
benchmark was indicated with a letter “H” (higher)

or “L” (lower), respectively. In Group-3 (n = 29), par-

ticipants received a screen-based graphical representa-

tion of their performance scores on the 14 metrics.

The graphics were green colored for each perfor-

mance metrics if participant’s score was within the

benchmark, yellow if their score was between 1 and

2 standard deviations of the benchmark, or red if
their score was outside 2 standard deviations of the

benchmark (Supplementary Fig. 2). The graphics

were also represented in purple for any performance

score that was better than the benchmark. Partici-

pants in Group-4 (n = 31) received the same colored-

graphical demonstration but additionally, they were

shown two 3D spatial models that showed the ana-

tomical structures of the tumor and pial surface. The
amount of force applied on these tissues by the ultra-

sonic aspirator and the bipolar were shown according

to the color scale ranging from red to blue, where

red indicated a higher force applied (Supplementary

Fig. 3). For all groups, the number of benchmarks

achieved was calculated across 5 repetitions of the

task. Automated feedback during the trial, data analy-

sis and visualization were performed using MATLAB
(The MathWorks Inc, Natick, Massachusetts, USA)

release 2021a. All codes were written by the authors.
Hypotheses

(1) Participants in feedback groups will achieve signifi-

cantly higher number of benchmarks than those who
practice without feedback. (2) Participants who receive

visual and visuospatial feedback will achieve significant
Journal of Surgical Education � Volume 00/Number 00 � Month 2023
improvement earlier across the 5 repetitions of the task

than those who receive only numerical information.
Statistical Analysis

A priori sample size calculation, with a statistical power

of 0.9, an effect size of 0.3, a correlation of 0.5 among

repeated measures, and an alpha error probability of

0.05 for between groups comparison yielded a require-

ment of 25 participants in each group, and 100 partici-
pants in total. The participation of 120 students

provided an achieved statistical power of 0.95. Two-way

mixed Analysis of Variance (ANOVA) explored the inter-

action of feedback group assignment (between-groups)

and task repetition (within-groups) on participants num-

ber of benchmarks achieved. There were no outliers, as

assessed by visual examination of studentized residuals

for values greater than §3. Data was normally distrib-
uted, as visually assessed by Normal Q-Q Plot. Levene’s

test showed homogeneity of variances, based on median

(p > 0.05), and Box’s test demonstrated homogeneity of

covariances, p = 0.948. Mauchly’s test of sphericity indi-

cated that the assumption of sphericity was violated for

the two-way interaction, x2(9) = 34.92, p < 0.001.

Therefore, the results with Greenhouse-Geisser correc-

tion are reported. Differences between-feedback groups
were investigated using one-way ANOVA. Within-feed-

back group differences were analyzed using one-way

repeated measures ANOVA. Between-feedback group

post hoc analyses were done using Tukey HSD or Games

Howell tests depending on the homogeneity or hetero-

geneity of variances, respectively. Within-group post

hoc analyses were done using Bonferroni post hoc tests.

Cohen’s d effect sizes were reported for post hoc com-
parisons.18 The variable “number of benchmarks

achieved” was assumed as a ratio variable, having the

meaningful 0 point (no success). As such, our analyses

were done using parametric statistical tests described

above. Non-parametric equivalent statistical analysis was

also reported in the supplementary data (Supplementary

Fig. 4). Statistical analysis was done using IBM SPSS Sta-

tistics, Version 27.
RESULTS

Participants

Participants’ average age (mean [SD, min-max]) was 23.1

[3.6, 18-44] years and participant handedness was 108/

10/2 (right-handed/left-handed/ambidextrous) (Table 1).
Five participants previously used virtual reality

simulation.
5
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Data and Performance Metrics

Data from 120 participants, from a total of 600 trials, was

available for analysis (, Flow diagram) and there was no

missing data. Participants’ performance progress was

tracked across 5 repetitions of the task on 14-perfor-

mance metrics from 4 categories (1) safety, (2) quality,

(3) efficiency, and (4) bimanual cognitive. Safety cate-
gory included 6 metrics: (1) brain volume removed (cc),

(2) amount of blood loss (cc), (3) maximum force

applied with dominant hand (N), (4) maximum force

applied with non-dominant hand (N), (5) sum of forces

applied with dominant hand (N), and (6) sum of forces

applied with non-dominant hand (N). Quality category

included only tumor percentage removed. Efficiency cat-

egory included 4 metrics: (1) total tip path length domi-
nant hand (mm), (2) total tip path length non-dominant

hand (mm), (3) path length index, (4) efficiency index.

Bimanual cognitive category included (1) average instru-

ment tips separation distance (mm), (2) coordination

index, and (3) bimanual forces ratio. Descriptions of the

performance metrics can be found on Supplementary

Table 1.

Learning Curves

No statistical difference was found between groups at

baseline performance (p = 0.121). There was a statisti-

cally significant interaction between the feedback group
FIGURE 3. Number of benchmarks achieved. X-axis represents the 4 feedback
sents the average number of benchmarks achieved by each feedback group. *Ho
group differences, horizontal lines are represented with the respected color of the
improved significantly compared to the baseline performance by the second rep
by the third repetition. Group 3 outperformed practice-alone Group 1 by the third r
tition.

6 Jour
allocation and the number of repetitions of the task

on the number of benchmarks achieved, F (10.558,

408.257) = 3.220, p < 0.001, effect size (partial

h2) = 0.077, e = 0.88 (Fig. 3). Group-3 made the quickest
improvement where the number of benchmarks

achieved was significantly higher than Group-1 by the

third repetition of the task (p = 0.005, 95%CI [0.42

3.25], effect size (Cohen’s d)=0.878). Group-4 outper-

formed Group-1 by the fourth repetition of the task

(p = 0.002, 95%CI [0.54 3.00], effect size=1.035) while

Group-2 did not outperform Group-1 within the 5 repeti-

tions. In the final repetition of the task, Group-4
achieved 9.19 § 1.66 (mean § standard deviation) of the

14 benchmarks, Group-3 achieved 9.10 § 1.82, Group-2

achieved 8.40 § 2.06 while Group-1 achieved 7.30 §
1.69 of the 14 benchmarks. Group-3 and Group-4

improved significantly from their baseline performance

by the second repetition of the task (p = 0.016, 95%CI

[0.19 2.71], effect size=0.746; and p = 0.003, 95%CI [0.4

2.57], effect size=0.885, respectively). Group-2
improved significantly from their baseline performance

by the third repetition of the task (p = 0.004, 95%CI

[0.42 3.04], effect size = 0.886) while Group-1 had no

statistically significant improvement during the 5 repeti-

tions.

Learning curves were also assessed for the 14-perfor-

mance metrics. In the fifth repetition of the task, around

90% of participants in all groups, including no-tailored-
groups. Each feedback group is color-coded (see the legend). Y-axis repre-
rizontal lines represent statistically significant difference (p< .05). For within
group. Vertical lines represent standard error bars. Group 3 and Group 4
etition. Group 2 improved significantly compared to baseline performance
epetition. Group 4 outperformed practice-alone Group 1 by the fourth repe-

nal of Surgical Education � Volume 00/Number 00 � Month 2023



FIGURE 4. Percentage of trainees who achieved benchmarks. X-axis shows each of the 14-performance metrics on which the trainees were assessed. Each
feedback group is color-coded (see the legend). Y-axis represents the percentage of trainees who achieved the benchmarks. There are 5 percentages shown
for each performance metric across 5 trials, from the first repetition of the task/baseline performance to the fifth repetition.
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feedback group, were within the tumor percentage
removed benchmark (Fig. 4). All groups removed signifi-

cantly more tumor in the fifth repetition of the task com-

pared to baseline performance (p < 0.05) (Fig. 5a). With

only feedback groups, participants achieved the bench-

marks >50% of the time with the metrics healthy tissue

removed and instrument tip separation distance. Group-

1 caused significantly more healthy tissue damage than

Group-3 in the third to fifth repetitions of the task
(p = 0.002 95%CI [0.03 0.16], effect size=0.998)

(Fig. 5b). Participants in Group-4 had a statistically signif-

icant lower instrument tip separation distance (using the

2 instruments together) than Group-1 at the fourth and

fifth repetitions of the task (p < 0.001 95%CI [-4.97

-1.21], effect size=1.133), and this was also observed in

participants in Group-3 from the second to fifth repeti-

tions of the task (p = 0.029 95%CI [-5.81 -0.23], effect
size = 0.862) (Fig. 5c). Group-3 and Group-4 improved

significantly in efficiency index by the second repetition

of the task (p < 0.001 95%CI [0.12 0.25], effect

size = 1.780) and (p < 0.001 95%CI [0.08 0.21], effect

size=1.432, respectively) while the remaining groups

improved significantly by the third repetition (Fig. 5d).

The learning curves and statistical comparison of the

metric scores of the remaining 10 performance metrics
can be found in Supplementary Figure 5.

In the postquestionnaire 5-point Likert scale, partici-

pants rated their simulation learning experience
Journal of Surgical Education � Volume 00/Number 00 � Month 2023
(Supplementary Table 2). Students’ rating in Group-3
and Group-4 for the question “How beneficial do you

think the simulator and training system is for learning

about surgery?” was 5.0 [3-5] (median [range]) while in

Group-2 and Group-1, it was 4.0 [3-5]. Participants in

feedback groups rated “How beneficial was it to your

performance to know which metrics you were being

assessed on?” 5.0 [3-5] while no-tailored-feedback group

rated 4.0 [2-5].
DISCUSSION

In surgery, advanced computer technologies allow for

the collection of vast amounts of data concerning techni-

cal skill, accurate skill assessment, and provide error

detection and tailored feedback.3-5,19,20 These systems

used in virtual reality simulation training have been
shown to enhance learner skills, and provide a more effi-

cient training than remote post hoc human instruction. 2

To put this work in context, providing trainees with

efficient training feedback while challenging them in

realistically replicated operative tasks required a series

of components. First, virtual reality platforms with realis-

tic surgical procedures and extensive data recording

capacity were developed.14,21-24 Second, performance
metrics encompassing critical features concerning the

surgical procedure such as safety, efficiency, and
7



FIGURE 5. Performance metrics learning curves. The learning curves of 4 performance metrics. X-axes represent the task repetition from the first repetition/
baseline performance to the fifth repetition for the 4-feedback groups. The purple straight horizontal line indicates the mean expert value for each performance
metric while the 2 dotted purple lines one standard deviation above and below the mean indicate the boundaries of the expert benchmark. *Asterisks indicate
significantly different values from the first repetition/baseline performance of that group. Horizontal square brackets show significant differences between feed-
back groups at the same repetition of the task. Axis brakes were indicated along y-axis. The learning curves of remaining 10 of the 14-performance metrics are
shown in supplementary data.
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performance quality along with bimanual dexterity and

movement were developed to differentiate expertise

groups and outline expert level performance

benchmarks.17,25,26 Spatial analysis of surgical perfor-

mance using 3D tumor and tissue models has demon-

strated differences between expert and novice level
performances.6,27 Third, artificial intelligence methodol-

ogies were employed to provide a comprehensive per-

formance assessment and outline performance metrics

critical to achieve expert level performance.5,28,29

Fourth, feedback systems provided trainees with expert

level performance benchmarks to improve bimanual

skills, based on virtual reality artificial intelligence

platforms.3,4 After completing these steps, the current
work explored the educational utility of these systems in

improving trainee skills. We explored the efficacy of vari-

ous instruction modalities by comparing numerical,

visual, and visuospatial feedback.

In this study, the training sessions were organized

based on time (number of repetitions) rather than defin-

ing a specific target proficiency level that trainees to

achieve. This decision was influenced by the diverse
training outcomes assessed and the time required for

trainees to achieve proficiency in all 14-expert level

benchmarks was unknown. Based on the results seen in
8 Jour
Figure 4, achieving all 14 benchmarks would have been

very challenging in a single training session, even for

groups who received more efficient learning feedback.

Although Group-3 and Group-2 received the same

metric information except for the application of color,

Group-3 performed significantly better than Group-2
during the third repetition of the task. Additionally,

Group-3 outperformed baseline performance in the sec-

ond repetition of the task while Group-2 did not achieve

the same success. The link between human color per-

ception and psychological functioning is well studied.30

In achievement contexts, such as education or athletic

contests, psychologists have suggested that different col-

ors cue learners’ emotions and cognition which yields
behavioral changes that can either optimize or impair

performance.31,32 Our results indicated that the colored

visualization of the feedback information is critical in

achieving more efficient training. In the future, com-

puter assisted teaching systems including artificial intelli-

gence applications may benefit from incorporating

visually enriched feedback methodologies, which pro-

vides a more engaging learning feedback to maximize
trainee surgical skill acquisition.2,4,33 Similar training

applications can provide benefits across different proce-

dural medical disciplines.
nal of Surgical Education � Volume 00/Number 00 � Month 2023
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In this study, 14-performance metric benchmarks

were utilized to assess the simulated surgical perfor-

mance and track improvement across the 5 repetitions

of the tumor resection task. Some of the 14-performance
metrics showed improvement for all groups regardless

of feedback (Fig. 5 and Supplementary Fig. 5) because

they may have epitomized some of the obvious goals of

this surgical task. As such, all participants removed sig-

nificantly more tumor (tumor percentage removed),

achieved greater efficiency (efficiency index) and used

their non-dominant hand more efficiently (coordination

index, instrument tip separation distance) in the fifth
repetition of the task (Fig. 5). However, feedback pro-

vided faster learning for the intervention groups and bet-

ter performance improvement.

Although some of the performance metrics were

expected to improve, the goal with some of the other

metrics such as brain volume removed, was to stay

within the benchmark (Fig. 5b) and to remove more

tumor while not damaging the healthy tissue. Accord-
ingly, both Group-1 and Group-3 removed the same

amount of tumor, around 80%, while Group-3 harmed

significantly less healthy tissue, used their dominant

hand more precisely (lower total tip path length), and

had significantly lower scores in instrument tip separa-

tion during the fifth repetition of the task. These results

may indicate that feedback is necessary to achieve an

appreciation of the complex interplay between multiple
factors during tumor surgery to meet the goals of the

task more safely and efficiently.
Real-time intelligent systems are being developed and

tested in surgical bimanual skills training using virtual

reality simulation.3,34 Although this study has shown

visual systems to be efficient for post hoc feedback, in

future directions of this work, auditory instructions may

be an alternative for real-time feedback applications to

prevent visual distractions. Systems with audio, visual,
and video feedback are combined in our current trials

(ClinicalTrials.gov, NCT05168150) to provide engaging

feedback information to trainees which may improve

the amount of information received by trainees and their

skill acquisition.35

The tailored information provided by the intelligent

systems is important; however, the major advantage of

computer systems in skills acquisition may be achieved
by optimal combinations of visual and auditory feed-

back components (e.g., video). In a randomized con-

trolled trial involving the resection of a simulated brain

tumor resection task, participants were instructed by

the Virtual Operative Assistance on 4 performance met-

rics selected by a support vector machine algorithm

along with feedback demonstration videos.2 Partici-

pants improved on a composite score based on 16 per-
formance metrics, and on 8 of these 16 metrics
Journal of Surgical Education � Volume 00/Number 00 � Month 2023
changed significantly without receiving specific metric-

based instructions.36 Although the mechanism behind

this extended effect is currently under investigation, a

possible explanation is the breadth of extrinsic informa-
tion contained in the feedback video demonstrations.10

The ability to use both visual and auditory information

may be the main advantage of these feedback systems

in skills acquisition. To optimize the effectiveness in

new feedback applications, it may be imperative to pri-

oritize the pedagogical aspect of technical skill training

and integrate informative, engaging, and easy to under-

stand feedback information with the intelligent training
systems.

This study has several limitations. (1) The training out-

come in our simulation setting was limited to bimanual

skills improvement. However, surgical operative room

involves many other factors which can affect surgeon’s

performance and patient outcomes. Developing surgical

simulation systems may provide a more immersive surgi-

cal training experience in the future. (2) Surgical trainees
may be the most relevant trainee cohort for the testing of

surgical training simulators. However, this study recruited

medical students, a study cohort that may provide some

advantages while also imposing limitations. Learning

experience may differ as expertise develops.37 Medical

students’ different interest level and procedural knowl-

edge compared to surgical trainees may affect their surgi-

cal training interaction and skill acquisition; however,
their limited experience provides a greater room for

improvement in skill acquisition, a scenario closer to that

of a fresh surgical trainee who has just started training.

Additionally, a medical student cohort provides a large

number of participants to obtain statistical power, which

is difficult to obtain with the limited number of surgical

trainees available. For these reasons, medical students

may be a better cohort than surgical trainees especially
for the development and testing phases of simulation and

training systems. Once, these systems are well estab-

lished, their efficacy in teaching and assisting surgical

trainee cohorts should be confirmed in multi-institution

trials. (3) Cognitive overload may limit the amount of

information understood by the trainee. Cognitive load the-

ory in education suggests that an optimal learning envi-

ronment finds a balance between learners’ intrinsic
cognitive capacity, their motivation, and the extrinsic

load of the instructional milieu.38 Novice medical learners

are also demonstrated to be at greater risk of overload in

surgical simulation training.39 In this application, training

involved 1 session, in which learners sequentially

removed 5 tumors, and were expected to improve on 14

performance metrics. The amount of information needed

to master these 14 performance features in 1 session may
overwhelm trainee cognitive capacity and limit skill acqui-

sition. Cognitive overload may have limited the amount of
9
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improvement especially with the participants in Group-4

since providing extra visuospatial information to this

group did not achieve better results. One can speculate

that the ability of trainees in Group-4 to adequately review
the complex additional visual and spatial information

available to them in only the limited five-minute feedback

session may have been difficult. This could have resulted

in increased trainee stress, leaving less time for critical

learning methods such as self-reflection and improvement

planning.40 Results of Group-3 may support this conclu-

sion as this group made a faster improvement without the

3D spatial information, having a significantly greater num-
ber of benchmarks achieved than the baseline by the third

repetition of the task. To prevent cognitive overload, lon-

gitudinal training settings with structured training goals in

multiple sessions and/or different instruction methodolo-

gies may provide a better performance improvement.41,42

These longitudinal settings may integrate visual and visuo-

spatial feedback to achieve efficient learning settings as

outlined in this study and help to assess and compare
retention of skills. (4) Our focus in this study was to maxi-

mize efficiency in learning with visual assistance. This

study did not incorporate tailored auditory, video, tactile

feedback, or other possible feedback modalities. Com-

puter systems may incorporate different feedback mecha-

nisms, not being limited to visual feedback, while the

feedback can be adjusted to user preference. Future stud-

ies may compare different feedback modalities and
explore multimodal learning.43 Using the haptic technol-

ogy of the simulator, a tailored tactile feedback, such as

vibration, can be implemented to inform the trainee

when they apply too much force on delicate tissues.

In conclusion, this randomized controlled trial

allowed the comparison of different post hoc feedback

modalities in surgical technical skills learning in the sim-

ulated environment. Simulations with autonomous visual
and visuospatial feedback assistance provided trainees

with a more effective way to master their bimanual oper-

ative skills.
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