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Introduction Initial performance in minimally invasive surgery may depend on the platform used by com-
plete novices. We compared two-dimensional laparoscopy (2DL), three-dimensional laparoscopy (3DL),
and robot-assisted surgery (RAS) using selected European Basic Laparoscopic Urological Skills (E-BLUS) tasks.
Material and methods In this prospective multicentre comparative simulation study, 116 adults without
prior practical laparoscopic or robotic experience were allocated to 2DL (n = 39), 3DL (n = 34), or RAS

(n = 43). Allocation was mainly determined by equipment availability and was only partially randomised.
Participants performed Peg Transfer followed by Needle Guidance. Outcomes included completion time,
Peg Transfer errors, E-BLUS-derived performance criteria, Raw NASA-TLX workload, and ergonomic dis-
comfort.

Results Of 116 participants, 104 completed the protocol. RAS was faster than both laparoscopic platforms
for both tasks (p <0.001), whereas 2DL—3DL differences were inconsistent. Among protocol completers,
41.9% of RAS participants met both E-BLUS performance criteria, compared with 3.8% with 3DL and none
with 2DL. Peg Transfer errors were more frequent with 2DL than with 3DL or RAS. The Needle Guidance-
to-Peg Transfer time ratio was 2.32 with 2DL, 1.70 with 3DL, and 1.69 with RAS (interaction p = 0.002).
Overall workload and ergonomic discomfort were lowest with RAS (p <0.001 and p = 0.002, respectively).
Conclusions RAS provided the most favourable initial performance profile and lowest subjective burden,
while 3DL-2DL differences were less consistent and task-dependent. Longitudinal studies are needed to
determine whether these early differences persist during training.
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INTRODUCTION

Minimally invasive surgery has become an integral
component of contemporary surgical practice. Over
the past two decades, numerous surgical specialties
have undergone a profound transition from open
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¢ laparoscopic simulation ¢ surgical education <> novice training

surgery to conventional two-dimensional laparos-
copy (2DL) and, more recently, to robot-assisted
surgery (RAS) [1]. A major intermediate step in this
evolution was the introduction of three-dimensional
laparoscopy (3DL), which improved depth percep-
tion, spatial orientation, and hand-eye coordination
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compared with conventional 2DL [2, 3]. However,
adoption of 3DL technology has not been universal.
While some centres embraced stereoscopic vision,
others favoured advancements in image quality and
resolution, such as ultra-high-definition imaging,
while continuing to use planar 2DL visualisation [4].
The introduction of RAS represented a further
technological advancement. In addition to three-di-
mensional vision, robotic systems offer articulated
wristed instruments with seven degrees of freedom,
tremor filtration, motion scaling, enhanced instru-
ment dexterity, and improved surgeon ergonomics.
Collectively, these features aim to overcome several
limitations of conventional laparoscopy, facilitate
the performance of complex minimally invasive pro-
cedures, and potentially accelerate the acquisition
of basic minimally invasive surgical skills [5, 6].
Asminimally invasive technologies continue to evolve,
surgical training should adapt accordingly. The devel-
opment of future surgeons increasingly begins during
undergraduate medical education, where simulation-
based training provides a safe environment for the
acquisition of fundamental psychomotor skills be-
fore exposure to clinical practice. Consequently, two
related questions arise: on which platform should
novice trainees begin developing minimally invasive
surgical skills, and how do these platforms differ
in the physical and cognitive workload imposed dur-
ing initial training? Previous studies suggest that
robotic assistance may reduce some physical and cog-
nitive demands compared with conventional laparos-
copy, whereas direct comparisons with 3DL remain
scarce; however, these effects may depend on opera-
tor experience and task complexity [7, 8].

The increasing adoption of minimally invasive and
robot-assisted procedures also reshapes surgical
training. As selected open and conventional laparo-
scopic operations become less frequently performed,
opportunities to acquire and maintain these skills
— and access to sufficiently experienced mentors —
may gradually diminish. Surveys of urology train-
ees and educators have demonstrated substantial
variation in hands-on exposure and expectations re-
garding surgical training [9, 10]. Moreover, declin-
ing exposure has been documented for selected open
procedures [11]. At the same time, training curricu-
la should prepare future surgeons for a wide range
of clinical scenarios, including the management
of intraoperative complications and situations re-
quiring conversion between surgical approaches.
Therefore, the goal of modern surgical education
extends beyond achieving technical proficiency
on a single platform and includes the development
of transferable psychomotor skills that can be applied
across different minimally invasive environments.

To provide an objective and standardised assess-
ment of basic laparoscopic competence, the Europe-
an Basic Laparoscopic Urological Skills (E-BLUS)
curriculum was developed and validated as a urol-
ogy-specific training and assessment programme
[12]. Although designed for conventional laparos-
copy, its tasks assess fundamental visuospatial, bi-
manual, and instrument-handling skills relevant
across minimally invasive surgical platforms. Peg
Transfer and Needle Guidance have also been used
in previous E-BLUS-based educational research as
objective measures of trainee performance [13]. Se-
lected E-BLUS tasks therefore provided a common
and reproducible framework for comparing initial
performance with 2DL, 3DL, and RAS.

Previous studies involving inexperienced partici-
pants have generally compared 2DL with 3DL [14]
or conventional laparoscopy with RAS [15]. Direct
comparisons of all three platforms under the same
standardised protocol remain limited and have
usually focused on an isolated task or included
participants with different levels of surgical expe-
rience [16]. Gaming experience has been proposed
as a possible correlate of novice laparoscopic perfor-
mance [17], while similar associations have been in-
vestigated for musical-instrument experience [18];
however, the available evidence remains inconsis-
tent. The present study therefore directly compared
initial task performance across 2DL, 3DL, and RAS
in participants without previous practical laparo-
scopic or robotic experience. In addition to comple-
tion time, errors, and attainment of predefined
proficiency criteria, we assessed subjective work-
load, including mental and physical demands, and
physical discomfort. We also explored associations
between task performance and subjective workload,
physical discomfort, gaming exposure, and musical-
instrument experience.

MATERIAL AND METHODS
Study design and participants

This prospective, multicentre, three-arm parallel-
group, comparative, simulation-based study was
conducted between January and June 2026 at three
academic centres. Participants were adult volun-
teers, predominantly students enrolled in medical
and health-related programmes, with no previous
practical experience in laparoscopic or robot-assist-
ed surgery.

The study protocol comprised two selected E-BLUS
tasks — Peg Transfer and Needle Guidance — per-
formed using a single assigned platform: 2DL, 3DL,
or RAS.
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Platform allocation was determined by equipment
availability during each study session and was ran-
domised only when more than one platform was
simultaneously available; consequently, allocation
was only partially randomised, and not every par-
ticipant had an equal opportunity to be assigned
to each of the three study platforms. All three
platforms were never simultaneously available
within a single study session. Centre 1 enrolled
55 participants (2DL, n = 12; 3DL, n = 27; RAS,
n = 16), Centre 2 enrolled 45 (2DL, n = 19; 3DL,
n = 7; RAS, n = 19), and Centre 3 enrolled 16 (2DL,
n = 8; RAS, n = 8); 3DL was not available at Cen-
tre 3. Overall, 86 of 116 participants (74.1%) were
randomised between the two platforms available
during the corresponding session, whereas the re-
maining 30 participants (25.9%) were allocated ac-
cording to equipment availability. The distribution
of the full allocated cohort by centre and platform
is presented in Supplementary Table S1. Therefore,
the study was considered a prospective compara-
tive simulation-based study rather than a fully ran-
domised parallel-group trial and was reported with
reference to the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE)
statement, supplemented by the reporting guide-
lines for health care simulation research [19, 20].
Instructors were centre-specific because of the geo-
graphical separation of the participating sites. Be-
fore study initiation, all instructors were trained
by an E-BLUS examiner and followed the same
standardised E-BLUS examination procedure.
All participants viewed the same official E-BLUS
instructional video, received the same standardised
pre-test instructions, and received no coaching or
performance-related feedback during the recorded
attempt. Equipment was standardised as far as pos-
sible. The same three-dimensional laparoscopic sys-
tem, IMAGE1 S (KARL STORZ, Tuttlingen, Germa-
ny), was used for 3DL, multiport da Vinci surgical
systems (Intuitive Surgical, Sunnyvale, CA, USA)
were used for RAS, and standard two-dimensional
laparoscopic video equipment available at each cen-
tre was used for 2DL. The same platform-specific
instrument sets were used across centres, and the
E-BLUS task configuration was standardised.
Baseline data included age, sex, dominant hand,
height, weight, visual correction, gaming exposure,
and experience playing a musical instrument. Gam-
ing exposure was assessed according to estimated
weekly gaming time during the preceding year, du-
ration of previous gaming involvement, and game
type. Musical experience was defined as playing
a musical instrument for more than six months
during the preceding 3 years.

Study procedure and assessment

Prior to the test session, all participants received
an email containing links to official European
School of Urology instructional videos demonstrat-
ing the selected E-BLUS tasks [21]. Before task
performance, study participants underwent a stan-
dardised 15-minute instructor-led introduction
covering the procedure, task objectives, and basic
handling of the instruments. This was followed
by a 5-minute hands-on familiarisation period al-
lowing free manipulation of the instruments on the
assigned platform, without completion of either
study task.

Two standardised tasks from the European Basic
Laparoscopic Urological Skills programme were
chosen: Peg Transfer and Needle Guidance [22].
These tasks were selected because the investiga-
tors considered them feasible for complete novices
following brief instruction and familiarisation.
They were performed in a predefined fixed order,
with Peg Transfer followed by Needle Guidance.
The same sequence was maintained for all par-
ticipants to ensure procedural consistency. Needle
Guidance was performed second because it was con-
sidered the more technically demanding of the two
tasks and more dependent on spatial orientation
and depth perception.

The protocol specified one recorded attempt at each
task, without performance coaching. Completion
time was recorded by an instructor for each com-
pleted task. In accordance with the E-BLUS as-
sessment rules, errors were recorded only for Peg
Transfer, as Needle Guidance does not include
a separate error count.

Under the standard E-BLUS procedure, the first
Peg Transfer error requires the task to be restart-
ed, whereas a second error results in failure. In the
present study, the task was not interrupted or re-
started after an error. Instead, participants were al-
lowed to complete the attempt, and the total num-
ber of errors was recorded to enable an additional
quantitative assessment of accuracy.

The published proficiency thresholds were used
to classify task performance: completion within
126 seconds with no more than one error for Peg
Transfer and completion within 268 seconds for
Needle Guidance. Owing to the modified adminis-
tration of Peg Transfer, criterion attainment rep-
resented fulfilment of the published time and error
thresholds under the study protocol rather than
a formal E-BLUS examination result.

Immediately after completing the second task, par-
ticipants completed the Raw National Aeronau-
tics and Space Administration Task Load Index
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(NASA-TLX) questionnaire, comprising six do-
mains: mental demand, physical demand, tem-
poral demand, perceived performance, -effort,
and frustration [23, 24]. Each domain was rated
on a scale from 0 to 100, with higher scores indi-
cating greater workload or poorer perceived perfor-
mance. The unweighted version was used without
the pairwise weighting procedure of the original
instrument, and the overall Raw NASA-TLX score
was calculated as the arithmetic mean of the six do-
main scores [24].

Physical and ergonomic discomfort was additionally
rated in four anatomical regions using an 11-point
numerical rating scale ranging from 0, indicating
no discomfort, to 10, indicating the greatest pos-
sible discomfort. Discomfort ratings were analysed
separately and were not included in the Raw NASA-
TLX score.

Study outcomes

The primary outcomes were task completion time
and attainment of the predefined proficiency crite-
rion for each E-BLUS task. Combined completion
time was calculated as the sum of Peg Transfer and
Needle Guidance completion times. Criterion at-
tainment was assessed separately for Peg Transfer
and Needle Guidance and as a combined outcome,
defined as meeting the criteria for both tasks during
the same study session. The number of Peg Trans-
fer errors was analysed as an additional objective
measure of accuracy.

The principal secondary outcome was the over-
all Raw NASA-TLX score. The overall discomfort
score, calculated from ratings in the four anatomi-
cal regions, was considered an additional secondary
outcome. The six individual NASA-TLX domains
and the discomfort ratings for each anatomical re-
gion were analysed as exploratory outcomes. Asso-
ciations between subjective workload, discomfort,
and objective task performance were also explored.

Statistical analysis

All statistical tests were two-sided, with a signifi-
cance level of 0.05. Effect estimates were reported
with 95% confidence intervals (Cls). Continuous
variables were summarised as means with standard
deviations or medians with interquartile ranges
(IQRs), depending on their distribution, whereas
categorical variables were presented as counts and
percentages. Baseline characteristics were sum-
marised descriptively, and differences between
platform groups were assessed using standardised
mean differences.

Because completion times were right-skewed, they
were log-transformed and analysed using linear
regression models with robust standard errors.
The primary models included platform group and
study centre, while adjusted models additionally
included age, sex, and current weekly gaming expo-
sure. Results were reported as ratios of geometric
means with 95% confidence intervals and as model-
based absolute differences in completion time ex-
pressed in seconds. Kruskal-Wallis tests followed
by Dunn’s pairwise comparisons were performed as
sensitivity analyses.

Peg Transfer error counts were analysed using
Poisson or negative binomial regression, as appro-
priate. Attainment of the predefined proficiency
criteria was compared between platform groups us-
ing appropriate categorical-data methods. Analyses
of task performance, proficiency, workload, and dis-
comfort were based on participants who completed
the study protocol. Non-completion was analysed
separately as an outcome of the allocated cohort.
Non-completion of the protocol was additionally
compared between platforms using the Fisher exact
test, with Newcombe risk differences and Firth pe-
nalised logistic regression.

The interaction between task and platform was ex-
amined using a mixed-effects model with a partici-
pant-level random intercept. Raw NASA-TLX and
discomfort scores were compared between platform
groups using regression models, with rank-based
methods used as sensitivity analyses. Associations
of workload and discomfort with task performance
were assessed using Spearman correlations, includ-
ing partial correlations adjusted for platform, study
centre, age, sex, and current weekly gaming expo-
sure. The Holm procedure was applied to confir-
matory comparisons and the Benjamini-Hochberg
procedure to exploratory analyses. Missing covari-
ate data were addressed by multiple imputation
in sensitivity analyses.

No formal a priori sample-size calculation was per-
formed. All analyses were performed in R version
4.6.1 (R Foundation for Statistical Computing, Vi-
enna, Austria).

Bioethical standards

The study protocol was approved by the relevant
institutional Bioethics Committee (approval no.
24/2025, dated 22 December, 2025). All partici-
pants received written information about the study
and provided written informed consent before en-
rolment. Individual study identification numbers
were assigned, and all data used for analysis were
anonymised.
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RESULTS
Participants and baseline characteristics

Of 116 participants without previous practical ex-
perience in laparoscopic or robot-assisted surgery,
39 were allocated to 2DL, 34 to 3DL, and 43 to RAS.
Overall, 104 completed the protocol and were in-
cluded in analyses of completion time, Peg Trans-
fer errors, proficiency, workload, and ergonomic
discomfort (Figure 1). Twelve participants with-
drew: four from 2DL (4/39; 10.3%), two during each
task, and eight from 3DL (8/34; 23.5%), all during
Needle Guidance. All RAS participants completed
both tasks (0/43 withdrawals). Non-completion dif-
fered across platforms (p = 0.001); compared with
RAS, from which no participant withdrew, the risk
of non-completion was higher by 23.5 percentage
points with 3DL (95% CI: 9.7-40.0) and by 10.3

points with 2DL (Table 4). Non-completion is re-
ported here as a separate outcome of the allocated
cohort, distinct from performance analyses, which
were based on the 104 participants who completed
the study protocol. The analysed cohort had a me-
dian age of 23 years (IQR: 21-24), and 68 of 103
participants (66.0%) were female. Most participants
were right-handed (98/104; 94.2%); 46 (44.2%) used
visual correction, 66 (63.5%) reported gaming expo-
sure, and 39 (37.5%) reported musical-instrument
experience. Baseline characteristics varied across
platform groups, partly reflecting centre-specific
platform availability (Table 1).

Task completion time
Completion times differed across platforms for Peg

Transfer, Needle Guidance, and both tasks com-
bined (p <0.001 for each; Figure 2 and Table 2).
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Figure 1. Participant flow through the study.

The diagram shows the number of participants allocated to each platform, completing Peg Transfer and Needle Guidance, withdrawing during the study, and

contributing to the final analyses.

2DL - two-dimensional laparoscopy; 3DL — three-dimensional laparoscopy; RAS — robot-assisted surgery
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RAS was faster than both laparoscopic platforms
for both tasks, whereas no clear difference between
2DL and 3DL was demonstrated.

For Peg Transfer, the median completion time was
shortest with RAS at 125 seconds (IQR: 103-151),
compared with 184 seconds (IQR: 154-230) with
2DL and 198 seconds (IQR: 146-279) with 3DL. Af-
ter adjustment, completion times were 1.58 times
longer with 2DL than with RAS (95% CI: 1.35-1.85;
p <0.001) and 1.56 times longer with 3DL than with
RAS (95% CI: 1.32-1.85; p < .001). The two laparo-
scopic platforms were similar (ratio 1.01, 95% CI:
0.81-1.25; p = 0.92).

The difference between RAS and the laparoscopic
platformswasmorepronounced for Needle Guidance.
Median completion times were 211 seconds (IQR:
166-267) with RAS, 328 seconds (IQR: 288-408)

with 3DL, and 394 seconds (IQR: 285-644) with
2DL. Adjusted completion times were 1.60 times
longer with 3DL than with RAS (95% CI: 1.34-1.91,;
p <0.001) and 2.14 times longer with 2DL than
with RAS (95% CI: 1.75-2.62; p <0.001). The com-
parison between 2DL and 3DL remained inconclu-
sive: the adjusted parametric model favoured 3DL
(ratio 1.34, 95% CI: 1.07-1.67; p = 0.03), whereas
the prespecified rank-based analysis did not show
a difference (p = 0.66).

Peg Transfer errors and proficiency attainment

Under the E-BLUS assessment criteria, errors are
recorded for Peg Transfer only; Needle Guidance
is assessed by completion time alone. Participants
using 2DL made more errors than those using

Table 1. Baseline characteristics of the 104 participants who completed the study protocol, by allocated platform

Characteristic Overall 2DL 3DL RAS 2DL vs 2DL vs 3DLvs
(n=104) (n=35) (n=26) (n=43) 3DL RAS RAS

Demographic and anthropometric characteristics
Age, years, median (IQR) 23.0(21.0-24.0)  22.0(20.5-23.0)  23.5(22.0-27.5) 23.0(21.0-24.0) 0.604 0328  0.362
Sex, female, n (%) 68 (66.0) 23 (65.7) 16 (61.5) 29 (69.0) 0.087 0071  0.158
Body mass index, median (IQR) 22.6(20.1-24.7)  22.7(20.2-24.6)  22.6(20.3-24.0) 22.5(20.2-24.8)  0.193  0.213  0.012
Physical and sensory attributes
Handedness, n (%) 0.297 0.173 0.386

Right-handed 98 (94.2) 33(94.3) 23(88.5) 42(97.7)

Left-handed 5(4.8) 2(5.7) 2(7.7) 1(2.3)

Ambidextrous 1(1.0) 0(0.0) 1(3.8) 0(0.0)
Visual status, corrected, n (%) 46 (44.2) 21 (60.0) 7 (26.9) 18 (41.9) 0.708 0.369 0.318
State on the day of the session
Sleep on the preceding night, h, mean (SD) 6.4 (1.5) 6.5(1.4) 5.9 (1.5) 6.6 (1.4) 0.395 0.093 0.483
Caffeine before the session, yes, n (%) 52 (50.0) 19 (54.3) 13 (50.0) 20 (46.5) 0.086 0.156 0.070
Nicotine before the session, yes, n (%) 16 (15.5) 6(17.1) 7(26.9) 3(7.1) 0.238 0.310 0.545
Prior exposure relevant to psychomotor skill
Any gaming exposure, yes, n (%) 66 (63.5) 24 (68.6) 16 (61.5) 26 (60.5) 0.148 0.170 0.022
Current gaming, h/wk, median (IQR) 1.5 (0.0-5.0) 2.0 (0.0-4.5) 0.5 (0.0-4.0) 2.0 (0.0-6.5) 0.145 0.201 0.355
Gaming experience, y, median (IQR) 3.5(0.0-10.0) 4.0 (0.0-8.5) 3.0 (0.0-8.0) 4.5 (0.0-10.0) 0.190 0.102 0.297
Cumulative gaming exposure, h, median (IQR) 364 (0-2,574) 312 (0-1,846) 104 (0-2,496) 468 (0-3,224) 0.189 0.196 0.409
Gaming exposure category, cumulative, n (%) 0.619 0.306 0.306

No exposure 41 (40.2) 12 (34.3) 12 (48.0) 17 (40.5)

Moderate 31(30.4) 15 (42.9) 4(16.0) 12 (28.6)

High 30 (29.4) 8(22.9) 9 (36.0) 13 (31.0)
Gaming exposure category, duration, n (%) 0.097 0.350 0.318

No exposure 36 (35.3) 11(31.4) 9(36.0) 16 (38.1)

Low 28 (27.5) 12 (34.3) 8(32.0) 8(19.0)

High 38(37.3) 12 (34.3) 8(32.0) 18 (42.9)
Plays a musical instrument, yes, n (%) 39 (37.5) 14 (40.0) 12 (46.2) 13(30.2) 0.125 0.206 0.332

Data are presented as mean (SD), median (IQR), or n (%), as appropriate. Percentages are based on non-missing denominators. SMDs are absolute pairwise values;
for variables with more than two levels, the multivariate SMD is shown on the header row.
2DL — two-dimensional laparoscopy; 3DL — three-dimensional laparoscopy; IQR — interquartile range; RAS — robot-assisted surgery; SD — standard deviation;

SMD - standardised mean difference
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Table 2. Task completion time and its pairwise contrasts, crude and adjusted

Contrast Crude ratio (95% Cl) p-value Adjusted ratio (95% Cl) p-value Cliff delta (95% Cl)

Peg Transfer time, median (IQR) 2DL 184 (154-230)?, 3DL 198 (146—279)?, RAS 125 (103—151)®; across arms p <0.001

2DL vs 3DL 0.94 (0.77-1.15) .557 1.01(0.81-1.25) .920 -0.07 (-0.36-0.24)
2DL vs RAS . 1.55(1.33-1.81) . <.001 . 1.58 (1.35-1.85) . <.001 . 0.69 (0.48-0.83)
3DL vs RAS . 1.65(1.39-1.96) . <.001 . 1.56 (1.32-1.85) . <.001 . 0.71 (0.49-0.85)
Needle Guidance time, median (IQR) 2DL 394 (285-644)?, 3DL 328 (288-408)?, RAS 211 (166—267); across arms p <0.001
2DLvs 3DL 1.29 (1.04-1.59) .056 1.34 (1.07-1.67) .030 0.26 (-0.04-0.51)
2DL vs RAS . 2.13(1.75-2.59) . <.001 . 2.14 (1.75-2.62) . <.001 . 0.81 (0.66-0.91)
3DL vs RAS . 1.65(1.41-1.94) . <.001 . 1.60 (1.34-1.91) . <.001 . 0.74 (0.53-0.87)
Combined task time, median (IQR) 2DL 625 (463-827)%, 3DL 576 (487—666)?, RAS 335 (278-404); across arms p <0.001
2DLvs 3DL 1.15(0.97-1.37) 218 1.22 (1.02-1.45) .063 0.18 (-0.13-0.46)
2DL vs RAS . 1.94 (1.65-2.28) . <.001 . 1.96 (1.66-2.31) . <.001 . 0.85 (0.71-0.94)
3DL vs RAS . 1.68(1.48-1.91) . <.001 . 1.61(1.39-1.86) . <.001 . 0.85 (0.68-0.94)

Ratios >1 indicate longer completion time with the first-listed platform. Adjusted models included centre, age, sex, and current weekly gaming exposure.
P-values were Holm-adjusted; confidence intervals were unadjusted. Cliff delta is reported with bias-corrected and accelerated bootstrap confidence intervals.
2DL — two-dimensional laparoscopy; 3DL — three-dimensional laparoscopy; Cl — confidence interval; IQR — interquartile range; RAS — robot-assisted surgery
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Distributions are shown on a logarithmic axis, the scale on which the comparison was made; the dashed line in each panel is the E-BLUS time limit for that task, and

the heavy horizontal mark with its figure is the median. Every participant is plotted. Letters above each arm are a compact letter display: arms sharing a letter are

not separated by the rank-based pairwise procedure at the 0.05 level, Holm corrected. The letters follow the rank-based result because the analysis plan gives it the
interpretation wherever methods diverge, and they do diverge on the comparison of the two laparoscopic platforms in Needle Guidance, where the linear model separates
them and the rank-based procedure does not. Note also what the figure cannot show: the eight participants who withdrew from Needle Guidance under 3DL are absent from

that panel, and they were the ones finding it hardest.

Figure 2. Task completion times by platform among the 104 participants who completed the protocol.

Individual observations are shown on a logarithmic scale. Violin plots represent the distribution, boxes the interquartile range, bold horizontal lines the
median, and dashed lines the E-BLUS time limits of 126 seconds for Peg Transfer and 268 seconds for Needle Guidance. Different letters indicate statistically
significant differences between platforms in the prespecified rank-based pairwise analysis after correction for multiple comparisons.

2DL - two-dimensional laparoscopy; 3DL — three-dimensional laparoscopy; RAS — robot-assisted surgery; E-BLUS — European Basic Laparoscopic Urological Skills
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either 3DL or RAS, whereas error rates were simi-
lar between 3DL and RAS. Mean error counts were
1.14 +1.26 with 2DL, 0.54 =0.65 with 3DL, and
0.37 =0.82 with RAS (p = 0.005). Compared with
3DL and RAS, the error rate with 2DL was 2.12-fold
higher (95% CI: 1.19-3.79; p = 0.02) and 3.07-fold
higher (95% CI: 1.46-6.45; p = 0.009), respectively;
3DL and RAS did not differ significantly (ratio 1.45,
95% CI: 0.66-3.19; p = 0.36).

Among participants who completed the protocol,
proficiency was attained substantially more often
with RAS than with either laparoscopic platform,
whereas attainment rates were similarly low with
3DL and 2DL. For Peg Transfer, proficiency was

achieved by 48.8% of participants with RAS (21/43),
11.5% with 3DL (3/26), and 11.4% with 2DL (4/35).
For Needle Guidance, the corresponding rates were
74.4% (32/43), 15.4% (4/26), and 14.3% (5/35), re-
spectively. Both criteria were met during the same
session by 41.9% of participants with RAS (18/43),
3.8% with 3DL (1/26), and 0% with 2DL (0/35).
Overall between-platform differences were signifi-
cant for Peg Transfer, Needle Guidance, and com-
bined criterion attainment (p <0.001 for each).
The task-by-platform interaction was therefore ex-
amined separately to assess whether the relative
platform effect changed with increasing task de-
mands.

Table 3. Pairwise comparison of the relative increase in completion time from Peg Transfer to Needle Guidance across platforms

Contrast Ratio of difficulty penalties (95% Cl) P-value, uncorrected P-value, corrected
2DLvs 3DL 1.37(1.10-1.69) 0.004 0.008
2DL vs RAS 1.37(1.14-1.65) <0.001 0.003
3DL vs RAS 1.00 (0.82-1.23) 0.985 0.985

Ratios above 1 indicate a greater difficulty penalty for the first-listed platform. P values were corrected for multiple pairwise comparisons using the Holm procedure.
Cl — confidence interval; 2DL — two-dimensional laparoscopy; 3DL — three-dimensional laparoscopy; RAS — robot-assisted surgery
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Figure 3. Change in relative performance from the easier task to the harder one, by platform.

Panel A presents completion times standardised within each task, showing changes in the relative performance of each platform. Panel B presents geometric
mean completion times with 95% confidence intervals and the within-platform Needle Guidance-to-Peg Transfer time ratios: 2.32 for 2DL, 1.70 for 3DL, and
1.69 for RAS. The task-by-platform interaction was significant (x2 = 12.26, df = 2; p = 0.002).

Cl — confidence interval; 2DL — two-dimensional laparoscopy; 3DL — three-dimensional laparoscopy; df — degrees of freedom; RAS — robot-assisted surgery
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Change in relative performance with increasing
task difficulty

As task difficulty increased from Peg Transfer to
Needle Guidance, which is more dependent on spa-
tial orientation, the relative performance of 3DL im-
proved, whereas that of 2DL worsened. RAS was fast-
er in both tasks, but its relative advantage remained
broadly similar. This differential change across plat-
forms was significant (task-by-platform interaction:
2 = 12.26, 2 df; p = 0.002; Figure 3 and Table 3).
These two tasks differ not only in depth-perception
demand but also in duration, motor sequence, pre-
cision requirements, and fixed order, Needle Guid-
ance always being performed second; the observed
interaction therefore reflects several dimensions of
task difficulty rather than depth perception alone,
and it is exploratory. Needle Guidance took 2.32
times longer than Peg Transfer with 2DL, compared
with 1.70 times with 3DL and 1.69 times with RAS.
The relative increase in completion time was 37%
greater with 2DL than with either 3DL (ratio, 1.37;
95% CI: 1.10-1.69; adjusted p = 0.008) or RAS (ratio,
1.37; 95% CI: 1.14-1.65; adjusted p = 0.003), where-
as it did not differ between 3DL and RAS (ratio, 1.00;
95% CI: 0.82-1.23; adjusted p = 0.985).

Subjective workload and ergonomic discomfort

Subjective workload was highest with 2DL, inter-
mediate with 3DL, and lowest with RAS (overall
comparison, p <0.001; Figure 4). After adjustment,
NASA-TLX workload was 17.3 points higher with
2DL than with RAS (95% CI: 9.1-25.6; adjusted
p <0.001), whereas the remaining pairwise compar-
isons were not significant after correction for multi-
ple comparisons. Platform-related differences were
observed for physical demand, effort, and self-rated
performance, but not for mental demand, tempo-
ral demand, or frustration. Self-rated performance
was the only domain in which 3DL differed signifi-
cantly from 2DL.

Ergonomic discomfort was also lowest with RAS
(overall comparison, p = 0.002; Figure 5). How-
ever, after correction for multiple comparisons,
only shoulder discomfort differed significant-
ly across platforms. Compared with RAS, the
odds of a higher shoulder discomfort score were
greater with 2DL (odds ratio [OR], 4.51; 95% CI:
1.91-10.65; adjusted p = 0.007) and 3DL (OR, 6.50;
95% CI: 2.56-16.49; adjusted p = 0.003). No sig-
nificant ergonomic advantage of 3DL over 2DL was
observed.
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Figure 4. Subjective workload across platforms.

Panel A shows the overall raw NASA-TLX score. Panel B shows the six individual workload domains. Points represent means and error bars represent 95%
confidence intervals. Different letters indicate statistically significant pairwise differences after correction for multiple comparisons; groups sharing a letter

did not differ significantly.

Cl — confidence interval; NASA-TLX — National Aeronautics and Space Administration Task Load Index; 2DL — two-dimensional laparoscopy; 3DL — three-

dimensional laparoscopy; RAS — robot-assisted surgery
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Associations and sensitivity analyses

Higher workload remained associated with longer
Needle Guidance and combined completion times af-
ter adjustment for platform, centre, and participant
characteristics, while greater discomfort remained
associated with longer combined completion time.
Age, sex, current gaming exposure, and previous
musical instrument experience were not indepen-
dently associated with the primary outcomes after
correction for multiple comparisons. Comparisons

of RAS with both laparoscopic platforms were con-
sistent across all prespecified sensitivity analyses,
whereas comparisons between 2DL and 3DL varied
by analytical method and remained inconclusive.

DISCUSSION

In this prospective multicentre comparative study
of complete novices, RAS provided the most fa-
vourable overall initial performance, with shorter
task completion times, more frequent attainment

Table 4. Non-completion of the study protocol, by allocated platform

Non-completion,

Risk difference vs RAS, Firth OR vs RAS

Platform Allocated, n n (%) op (95% Cl) (95% Cl)
RAS 43 0(0.0) Reference Reference
2DL . 39 4(10.3) 10.3 (-0.0to 23.6) 11.0(1.1to 1,480)
3DL . 34 8(23.5) 23.5(9.7 t0 40.0) 27.9 (3.3 10 3,663)

Non-completion was compared across platforms using Fisher’s exact test (P =.001). Risk differences are Newcombe hybrid-score intervals; odds ratios are Firth penalised-
likelihood estimates with profile-likelihood intervals, used because no participant allocated to RAS failed to complete the protocol. The two laparoscopic platforms did

not differ significantly (risk difference, 13.3 percentage points; 95% Cl: —4.1 to 30.9). Non-completion should be interpreted with caution because participants were free
to withdraw at any time under the informed-consent procedure and reasons for non-completion were not uniformly available; therefore, non-completion cannot be

interpreted uniformly as task failure attributable to the allocated platform.

2DL — two-dimensional laparoscopy; 3DL — three-dimensional laparoscopy; Cl — confidence interval; OR — odds ratio; pp — percentage points; RAS — robot-assisted surgery
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Figure 5. Ergonomic discomfort across platforms.

Panel A shows the composite discomfort score across four anatomical regions. Panel B shows the proportion of participants reporting any discomfort in the
neck, shoulders, back, and wrists. Error bars represent 95% confidence intervals. Different letters indicate statistically significant pairwise differences after
correction for multiple comparisons; groups sharing a letter did not differ significantly.

Cl — confidence interval; 2DL — two-dimensional laparoscopy; 3DL — three-dimensional laparoscopy; RAS — robot-assisted surgery
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of the predefined E-BLUS-derived performance cri-
teria, and lower perceived workload and physical
discomfort than either laparoscopic platform. Par-
ticipants using 2DL also made more Peg Transfer
errors, whereas error rates were similar with 3DL
and RAS. By contrast, differences between 2DL
and 3DL were less consistent and varied according
to task and analytical method. Notably, the rela-
tive increase in completion time from Peg Trans-
fer to the more spatially demanding Needle Guid-
ance task was greater with 2DL than with either
3DL or RAS. These findings are consistent with
a lower initial technical and subjective burden with
RAS during basic minimally invasive tasks, while
stereoscopic visualisation may be one contributor
to the larger between-platform differences observed
as spatial and precision demands increase.

The favourable initial performance with RAS is con-
sistent with previous studies involving inexperienced
operators. Stefanidis et al. [15] reported faster per-
formance, higher objective scores, fewer errors, and
lower NASA-TLX workload with robotic compared
with conventional laparoscopic suturing in medi-
cal students. Park et al. [16] similarly found that
novice operators who failed to complete a suturing
task using either laparoscopic platform completed
it with RAS, whereas platform differences narrowed
with increasing experience. Together, these findings
suggest that the relative advantage of RAS may be
greatest during initial exposure and may change
as conventional laparoscopic skills develop.
Technological advancement alone does not neces-
sarily facilitate initial performance. Uysal et al. [25]
found slower E-BLUS performance and more Nee-
dle Guidance failures with motorised articulating
instruments than with conventional instruments.
These findings underscore that novice performance
may depend not only on the technical capabilities
of a platform but also on the cognitive and motor de-
mands of its interface. By contrast, RAS integrates
multiple visual and instrument-control features
that may reduce several psychomotor constraints
encountered by novices.

Previous comparisons of 2DL and 3DL generally
favoured 3DL but showed task- and experience-de-
pendent effects. Gémez-Goémez et al. [14] reported
shorter completion times, fewer errors, and lower
workload with 3DL in medical students, whereas
Cicione et al. [26] found that the magnitude of the
3DL advantage differed by task and operator expe-
rience.

In the present study, 3DL did not demonstrate
a consistent overall time advantage over 2DL, but
it was associated with fewer Peg Transfer errors
and a smaller relative increase in completion time

during Needle Guidance. Differences between the
studies may reflect task selection, study design,
preliminary training, and whether cumulative
or task-specific outcomes were examined. The pres-
ent findings are consistent with task-dependent dif-
ferences between 2DL and 3DL, with greater use
of depth information as one possible contributor
[27]. However, because Peg Transfer and Needle
Guidance also differed in duration, motor require-
ments, precision demands, and fixed order, the ob-
served interaction likely reflects several dimensions
of task complexity and does not isolate stereoscopic
visualisation as the causal mechanism.

Objective performance differences were accompa-
nied by differences in perceived workload and phys-
ical discomfort. Overall workload was highest with
2DL, intermediate with 3DL, and lowest with RAS,
although after adjustment the clearest pairwise
difference was between 2DL and RAS. Differences
were mainly observed in physical demand, effort,
and self-rated performance. These findings are con-
sistent with previous studies reporting platform-
related differences in ergonomics and workload [7,
8, 14, 15]. Physical discomfort was also lowest with
RAS, with shoulder discomfort showing the clear-
est regional differences. Higher workload remained
associated with longer Needle Guidance and com-
bined completion times, while greater discomfort
was associated with longer combined task time,
supporting an association between subjective bur-
den and initial technical performance.

E-BLUS is a structured training and assessment
programme that has been used across international
educational settings [22], and its published profi-
ciency standards are demanding even for advanced
trainees. Brinkman et al. [12] reported that only
4.2% of final-year urology residents met the com-
bined validated time and quality criteria across
all 5 examination tasks. Against this background,
attainment of the selected thresholds by some
complete novices in a single session is notewor-
thy, particularly with RAS. Criterion attainment
in the present study is therefore best interpreted
as performance relative to E-BLUS-derived bench-
marks rather than formal E-BLUS certification.
Neither current gaming exposure nor previous
musical-instrument experience was independently
associated with the primary outcomes, consistent
with the mixed evidence reported in previous stud-
ies [17, 18].

The present findings indicate meaningful differ-
ences in initial task performance and perceived
difficulty between platforms and may inform fu-
ture research on training pathways that combine
platform-specific competence with transferable
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minimally invasive skills. This single-session com-
parison measures the initial intuitiveness and ease
of use of each platform for a complete novice rather
than the rate of learning, retention, or transfer;
a platform that yields the best first attempt is not
necessarily the one on which training should begin,
so any implication for training pathways is hypoth-
esis-generating and requires longitudinal evalua-
tion. Educational programmes should also balance
the potential benefits of emerging technologies with
equipment availability, training capacity, costs, and
access to advanced platforms.

We hypothesise, as a direction for future education-
al research, that access to a stereoscopic assistant
display during bedside assistance might support
novices' early grasp of spatial relationships; this
was not evaluated in the present study.

The principal strengths of this study include its
prospective multicentre design, direct comparison
of three platforms, inclusion of a relatively large
and homogeneous cohort of complete novices, use
of a common standardised protocol, and combined
assessment of completion time, errors, predefined
performance criteria, workload, and physical dis-
comfort. The inclusion of two tasks also enabled
evaluation of whether platform effects changed
as task demands increased.

Several considerations should be taken into account
when interpreting the findings. Platform alloca-
tion was only partially randomised and reflected
equipment availability, which may have introduced
centre- or session-related variation. Because the
third centre operated no three-dimensional station,
platform is entangled with centre by design, and
adjustment for centre cannot fully separate a plat-
form effect from a centre or session effect. Baseline
characteristics of the 12 participants who withdrew
were not captured in the analytical dataset, so base-
line imbalance at allocation could not be tabulated
over the full enrolled cohort. The parallel-group de-
sign and single recorded attempt were well suited
to evaluating initial performance but did not ex-
amine longitudinal learning or transfer between
platforms. Because the participants were predomi-
nantly students without surgical experience rather

than urology residents, these results describe the
initial psychomotor performance of complete nov-
ices and should not be extrapolated to trainees who
already possess transferable operative, endoscopic,
visuospatial, or tissue-handling skills; the inclu-
sion of complete novices is nonetheless a strength
for isolating initial performance. The fixed task
order may also have contributed to the differences
observed between Peg Transfer and Needle Guid-
ance. Differential non-completion, particularly dur-
ing Needle Guidance, may have biased completion-
time comparisons among protocol completers. The
brief simulation setting may not reflect all aspects
of prolonged operative performance. Finally, the E-
BLUS-derived criteria served as common compara-
tive benchmarks and were not intended to repre-
sent platform-specific certification.

CONCLUSIONS

The present study showed that, among complete
novices, RAS was associated with the most favour-
able initial performance, including shorter task
completion times, more frequent attainment of
predefined E-BLUS-derived performance criteria,
and lower overall workload and physical discomfort
than either laparoscopic platform. The advantage
of 3DL over 2DL was less consistent, although 3DL
was associated with fewer Peg Transfer errors and a
smaller relative increase in completion time during
the more demanding Needle Guidance task. Fur-
ther longitudinal research may clarify how these
early differences relate to learning, skill retention,
transfer between platforms, and the organisation of
minimally invasive surgical training.
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SUPPLEMENTARY MATERIAL

Supplementary Table S1. Composition of the full allocated cohort by centre and allocated platform (n = 116)

Centre 2DL 3DL RAS Total
Centre 1 12 27 16 55
Centre 2 . 19 . 7 . 19 . 45
Centre 3 . 8 . 0 . 8 . 16
Total . 39 . 34 . 43 . 116

Centre 3 had no three-dimensional laparoscopic platform available, and platform availability was therefore partly associated with centre by design. The table describes all
116 allocated participants.
2DL - two-dimensional laparoscopy; 3DL — three-dimensional laparoscopy; RAS — robot-assisted surgery
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