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Abstract

Background Operational training is a key component of resident education. Recently, innovative virtual reality (VR)
training methods have been introduced to enhance training efficiency. Image-based VR (IBVR), which incorporates
cognitive load, is theorized to improve task performance. However, the impact of IBVR on learning outcomes requires
further investigation. This study aims to assess the efficacy of IBVR compared to textbook-based VR (TBVR) in teaching
operational skills to junior residents.

Methods In a prospective cross-over pilot study, ten volunteers were randomly assigned to either the IBVR-TBVR or
TBVR-IBVR group. Participants engaged in four learning sessions using either IBVR or TBVR modules during the first
phase. Performance was assessed using quizzes, and Milestone/Direct Observation of Procedural Skills (DOPS) ratings
on real patients. After one month, participants switched to the alternate VR module for further training. Cognitive
load and stress were assessed during each session through questionnaires and heart rate variability (HRV). At the end
of the study, learning satisfaction, experience, and overall effectiveness were evaluated using a global satisfaction
scale, the AttrakDiff2 questionnaire, and group interviews. Qualitative data were analyzed using a thematic analysis
framework.

Results The IBVR module yielded significantly better Milestone (p=0.04), and DOPS (p <0.01) scores compared to
TBVR. There were no significant differences in knowledge gain, cognitive load, or HRV between the two modules.
TBVR was favored in terms of global satisfaction (p=0.03), hedonic stimulation (p=0.01), and hedonic identification
(p=0.03), whereas IBVR was perceived as a more immersive and enriching experience. The majority (70%) of
participants reported a positive experience with IBVR, while 50% expressed positive feedback regarding TBVR.
Thematic analysis identified two key themes: usability of instructional content and ease of engagement.

Conclusion Although TBVR yielded higher learner satisfaction and hedonic appeal, IBVR resulted in greater
improvements in operational performance and was positively received by most participants. This proof-of-concept
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study highlights the complementary strengths of both VR approaches and calls for further research to validate these
preliminary findings and inform the design of effective VR-based surgical education strategies.

Trial registration Clinicaltrials.gov NCT03501641; https://clinicaltrials.gov/ct2/show/NCT03501641; date of

registration: April 18, 2018.

Keywords Cognitive load, Direct observation of procedural skills, Heart rate variability, Milestone, Qualitative

feedback, Technology acceptance, Virtual reality

Background

Surgery integrates knowledge, skills, behavior, and
patient care, relying on physical interventions involving
tissues or organ systems for diagnostic or therapeutic
purposes. Key components of surgical practice include
the coordination of staff, instruments, space, and systems
for delivering effective care. The Surgical, Anaesthetic,
and Obstetric healthcare system assesses global access
to surgical services based on factors such as timeliness,
capacity, safety, and affordability. It is estimated that
around 5 billion people lack access to essential surgical
care worldwide [1], with this disparity persisting, particu-
larly in low- and middle-income countries as of 2020 [2].

Otorhinolaryngology-head and neck surgery (ORL-
HNS) involves the surgical and medical management of
conditions affecting the head and neck, representing a
critical clinical competency within the field [3]. Improv-
ing training in geographic accessibility to surgical provid-
ers and procedural outcomes could significantly impact
global ORL-HNS initiatives [4]. ORL-HNS encompasses
a broad range of operative skills, including microscopic
and endoscopic ear surgeries [5], image-guided sinus sur-
geries [5], robotic surgeries [6], and intraoperative nerve
monitoring during parotidectomy [7]. While training
programs, such as those for robotic surgery developed
in 2012, have enhanced technical skills, they still face
challenges like limited access to advanced technologies,
potentially hindering the development of basic surgical
skills [8, 9].

To address these challenges, simulation-based training
methods, including part-time trainers, integrated simu-
lators, and virtual reality (VR), are increasingly being
adopted in competency-based medical education. VR
offers an innovative and promising approach to creating
immersive, emotionally engaging educational experi-
ences that simulate medical examinations, procedures,
and surgeries with varying degrees of interactivity and
realism [10]. This technology allows for repeated practice
while accommodating different learning styles, poten-
tially reducing cognitive load and improving the reten-
tion of surgical skills [11].

Three distinct types of VR are commonly recognized:
non-immersive, semi-immersive, and fully immersive.
Non-immersive VR, such as screen-based VR, involves
interaction through a computer or television screen,

limiting the level of immersion [12]. Semi-immersive VR
provides a more engaging experience using large projec-
tion screens or head-mounted displays (HMDs), facilitat-
ing deeper interaction with the virtual world [13]. Fully
immersive VR leverages advanced HMDs and often
incorporates auditory and haptic feedback, creating a
highly realistic and immersive training environment [14].

Textbook-based VR (TBVR), a semi-immersive modal-
ity, enables learners to interact with textual and pictorial
instructional content displayed on two-dimensional (2D)
panels within a three-dimensional (3D) virtual environ-
ment. This approach uses hand controllers to turn virtual
book pages, allowing structured and focused engage-
ment with multimedia learning materials [15, 16]. The
structured presentation of content in TBVR offers a cog-
nitively manageable and pedagogically sound approach,
which has been shown to help novice learners acquire
procedural knowledge and spatial understanding in clini-
cal education [17]. By integrating interactive elements
with step-by-step, multimedia-enhanced instruction [18],
TBVR has the potential to bridge the gap between tradi-
tional textbook-based education and hands-on intraoper-
ative training, supporting the acquisition of foundational
procedural knowledge and skills during early surgical
education.

Recent advancements in image-based VR (IBVR),
such as 360° videos, represent a form of immersive VR
that has shown significant potential in improving learn-
ing outcomes and learner satisfaction. IBVR replicates
real-world scenarios through high-fidelity immersive
experiences, improving spatial reasoning and procedural
memory in surgical training [19-21]. However, the effec-
tiveness of IBVR varies depending on factors such as cog-
nitive load, prior experience, and self-efficacy [22-24].
Despite these variations, research suggests that the vir-
tual presence provided by VR generally improves learn-
ing outcomes compared to traditional desktop-based
methods, regardless of the technology’s cost or level of
immersion [25].

While these findings are promising, the impact of
instructional design strategies using high-cost VR sys-
tems without simulator equipment on user experience,
usability, and performance in ORL-HNS surgical training
remains underexplored. TBVR is valued for its simplic-
ity and structured instructional design, which supports
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foundational learning, while IBVR excels in enhancing
learner engagement and self-efficacy in complex surgical
scenarios. However, the differences in surgical learning
outcomes between semi-immersive and fully immersive
VR modalities are not fully understood.

Existing literature has not adequately examined the
impact of VR modalities (IBVR vs. TBVR) and train-
ing sequences on critical outcomes such as operational
competency, cognitive load, and learner satisfaction.
Additionally, the effects of these approaches on physio-
logical metrics like heart rate variability (HRV) and their
potential role in managing stress during training remain
unexplored.

This proof-of-concept study evaluates the effective-
ness of immersive IBVR training in enhancing opera-
tional skills and learner experience during representative
ORL-HNS preoperative preparations and basic surger-
ies compared to semi-immersive TBVR training. It also
investigates the influence of VR course design on training
outcomes, offering insights for optimizing VR-based sur-
gical education.

The research questions for this study include:

1. How does immersive IBVR training compare to
semi-immersive TBVR training in enhancing
operational skills among junior residents?

2. Does the sequence of VR training (TBVR followed by
IBVR versus IBVR followed by TBVR) affect learning
outcomes, cognitive load, and user satisfaction?

3. What are the specific impacts of IBVR and TBVR on
HRYV metrics, stress levels, and the overall learning
experience?

Methods

Study design

We conducted a randomized, controlled, cross-over
pilot study to validate basic VR-based surgical train-
ing among convenience-sampled junior residents. This
design helped increase the sample size and reduce the
risk of inadequate training. The study was carried out
from August 1, 2019, to July 31, 2020, at Linkou Chang
Gung Memorial Hospital, a tertiary medical center in
Taoyuan, Taiwan. It was approved by the Institutional
Review Board of Chang Gung Medical Foundation (No:
201601821B0), and all procedures involving human par-
ticipants were conducted in accordance with the ethical
standards of the institutional and/or national research
committee and with the 1975 Helsinki Declaration [26]
and the CONSORT guidelines [27]. All participants pro-
vided written informed consent. The clinical trial is regis-
tered with ClinicalTrials.gov (NCT03501641) and can be
accessed at http://clinicaltrials.gov/show/NCT03501641.
Figure 1 illustrates the study flowchart.
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Participants

We recruited ten junior residents who were novices to
the targeted surgeries, each having participated in fewer
than ten instances of the specific procedures. Eligible
participants were over 20 years of age and held the status
of junior resident (R1 or R2). Exclusion criteria included
pregnancy, hypertension, recent motion sickness, inner
ear infections, claustrophobia, recent surgery, pre-exist-
ing binocular vision abnormalities, heart conditions,
epileptic symptoms, or unwillingness to participate.
Additionally, we evaluated the cognitive style of each par-
ticipant using the group embedded figures test (GEFT)
[28]. The GEFT categorizes cognitive styles into “field-
dependent” (GEFT score<12) and “field-independent”
(GEFT score>12) [29]. Given the significant interaction
between cognitive style (field-dependence versus field-
independence) and the training/testing environment (VR
versus real) on learning outcomes [30], we ensured a bal-
anced representation of cognitive styles in this study.

Setting

The surgical training program was developed with two
key learning objectives: (1) “Residents should be able to
precisely and proficiently prepare for complex surger-
ies pre-operatively” and (2) “Learners should be able to
precisely and proficiently perform basic surgeries” The
training focused on three complex procedures for ORL-
HNS patients and one fundamental procedure—ventila-
tion tube placement—suitable for junior residents.

Participants were randomly assigned to either the
immersive IBVR or semi-immersive TBVR group and
received training in four different procedures (Fig. 2).
HRYV was monitored during each VR session. After com-
pleting all four sessions, participants immediately filled
out cognitive load questionnaires, including the Paas
cognitive load scale (CLS) [31], the NASA task load index
(TLX) [32], and the cognitive load component (CLC)
[33].

The first phase of training spanned one month, during
which participants used VR modules for 10 min, followed
by 10 to 15 min performing the corresponding proce-
dures or preparing for operations in real environments.

Two evaluators, blinded to the training module each
participant received, assessed participants’ precision and
proficiency using the Milestone instruments [3] and the
direct observation of procedural skills (DOPS) [34], with
patient safety being the top priority throughout.

After completing the procedural learnings and assess-
ments, participants received immediate bidirectional
feedback from evaluators and reflected on their per-
formance. To minimize the risk of overlapping train-
ing effects, a wash-out period of at least one month was
implemented before the second training phase. During
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Fig. 1 CONSORT flowchart illustrating participant recruitment, randomization, and study completion
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Da Vinci system preparation

Fig. 2 Virtual reality (VR) sessions in two training modules including image-based VR (IBVR) (left panels) and textbook-based VR (TBVR) (right panels)

the second phase, participants switched to the alternate
VR module for further training.

At the end of this study, participants rated their global
satisfaction score (GSS) [35] and the AttrakDiff2 ques-
tionnaire [36]. The study concluded with group inter-
views where participants provided detailed feedback and
reflections, which were qualitatively analyzed to assess
the overall effectiveness of the IBVR and TBVR surgical
training approaches.

Surgical training program overview
The training program provided comprehensive instruc-
tion on key surgical procedures:

1. Navigation for image-guided endoscopic sinus
surgery.

2. The use of the da Vinci system for transoral robotic

surgery.

Facial nerve detection in parotid gland surgery.

4. Microscopic tympanostomy with ventilation tube
insertion.

w

The curriculum was developed following the guidelines
of the American Board of Otolaryngology [3].

To enhance learning, four 10-minute instructional
videos were produced, offering detailed demonstrations
grounded in authoritative textbooks and manufacturer
manuals. These videos were segmented into key sessions
to provide step-by-step guidance. Using multimedia

demonstrations of diverse worked examples [37] and
enriched with self-explanation prompts [38], the videos
effectively illustrated both the setup of surgical instru-
ments and operative techniques.

Real-patient demonstrations were recorded using a
360° camera (Garmin VIRB 360, Garmin Ltd., Kansas
City, MO, United States) and a digital camera (D650,
Nikon Imaging Japan Inc., Minato-Ku, Tokyo, Japan).

IBVR module

The immersive IBVR module was developed by con-
verting video recordings into an interactive IBVR for-
mat using the VIVEPAPER™ program (HTC Corp., New
Taipei, Taiwan). Participants used hand controllers to
navigate the 360° virtual environment and activate ses-
sion markers, allowing them to access 2D video sessions
focused on instrumental preparation and essential sur-
gical skills. This module featured immersive 3D and 2D
video content, accessible through a VR HMD, providing
participants with a fully immersive and engaging learning
experience (Fig. 3, left panel).

TBVR module

The semi-immersive TBVR module allowed participants
to interact with textual and pictorial learning materials
using hand controllers to turn virtual book pages. The
content was displayed within a focused 120° field of view
using the same VR HMD, ensuring consistency in hard-
ware across modules (Fig. 3, right panel). Instructional
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Fig. 3 Representative virtual reality (VR) scenes in the two training modules: image-based VR (IBVR) (left panel) and textbook-based VR (TBVR) (right
panel). In the IBVR module, participants use hand gestures or controllers to select labeled subsections in the virtual environment and watch correspond-
ing two-dimensional videos. In the TBVR module, participants use hand gestures or controllers to turn virtual book pages, enabling interaction with text
and photographs

materials, adapted from authoritative textbooks and procedures using a combination of text and photographs,
manufacturer manuals, were integrated into the TBVR  offering a structured and accessible learning experience.
format through the same VR software. This module Importantly, participants in the TBVR condition did not
provided clear, step-by-step explanations of sequential move within the virtual environment to view 2D video
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sessions, which distinguishes the active interaction in
TBVR from that in IBVR.

Both IBVR and TBVR systems were developed in accor-
dance with the Analysis, Design, Development, Imple-
mentation, and Evaluation model, ensuring a systematic
and structured approach to the design and implementa-
tion of instructional strategies [39]. Each module under-
went a thorough review by two experienced instructors
to verify the accuracy and consistency of the educational
material.

Randomization and blinding

Participants were randomly assigned in a 1:1 ratio to
either the IBVR-TBVR group or the TBVR-IBVR group.
Randomization was conducted using the Random Num-
ber Generator in IBM SPSS software (version 25; IBM
Corp., Armonk, NY, USA). Stratification based on age,
sex, and cognitive style was applied to ensure balanced
group characteristics. The allocation sequence remained
concealed until the implementation of the video modules
to maintain blinding.

To preserve the study’s integrity and minimize poten-
tial bias, all assessors evaluating participant perfor-
mance using Milestone and DOPS rating forms were
blinded to group allocation. Assessors were provided
with anonymized participant identification numbers and
were not informed of the specific VR module (IBVR or
TBVR) used during training sessions. This ensured that
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evaluations were conducted independently of group
assignment.

Intervention

After randomization, participants were unblinded and
given 10 min to engage with their assigned modules
using a VIVE Pro VR headset (HTC Corp., New Taipei,
Taiwan) to learn a procedure. Before starting the inter-
vention, participants received instructions on how to use
the VR headset and controllers. In the IBVR group, learn-
ers could freely explore the instructor’s demonstrations,
which detailed the knowledge and skills required for tar-
geted surgeries. Conversely, in the TBVR group, learners
accessed text and pictorial materials at their discretion.
Within several hours following the intervention, each
learner was tasked with performing the corresponding
procedure on a real patient in the operating room, with
the session lasting between 10 and 20 min.

Assessment of learning outcomes

Small quiz

Before each training session, participants completed
a single-question quiz designed to assess their prior
knowledge related to the session’s content (Fig. 4). The
interactive models used in the quiz, a machine gun and
a crossbow, were default assets provided by the VR devel-
opment software during the prototype stage. These mod-
els were chosen as placeholders to facilitate interaction
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Fig. 4 Small quiz virtual reality scenes featuring a link game (top left panel) and multiple-choice questions (remaining panels)
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within the virtual environment and were not intended to
have thematic relevance to the training content.

The quizzes were designed to be completed within 60 s,
focusing on evaluating participants’ ability to interact
with the virtual panels and their knowledge of specific
operational skills. After completing the 10-minute learn-
ing module, participants retook the same quiz, resulting
in four pretest and four posttest quizzes for each training
module, with scores ranging from 0 to 4. To ensure align-
ment with the learning objectives, two staff members
reviewed and verified the content validity and relevance
of the quiz questions.

Milestone

Since 2004, Milestones have been used to assess the
competency development of resident physicians across
key domains in ORL-HNS [3]. Two investigators evalu-
ated the participant’s performance using a 5-level Mile-
stone scale, specifically tailored to ORL-HNS conditions,
including otologic, rhinologic, laryngologic, and head and
neck neoplastic diseases. The introduction of Milestones
2.0 has enhanced this framework by adding harmonized
milestones across all specialties and incorporating a sup-
plemental guide with examples and resources to improve
user proficiency with the tool [40]. The Milestone levels
ranged from Level 1 (novice resident: new to the spe-
cialty), Level 2 (advanced beginner: performs some tasks
with limited supervision), Level 3 (competent resident:
completes common tasks independently), Level 4 (pro-
ficient resident: expected level at graduation), to Level 5
(expert resident: exceeds peer performance).

DOPS

During target procedures, the same investigators
assessed their procedural skills using a validated 10-item
DOPS form for ORL-HNS surgeries [34, 41]. Each behav-
ior was rated on a scale from 1 (below expectations) to 10
(above expectations) [42]. For a focused assessment, four
items were specifically chosen to evaluate instrumental
preparation: preparation pre-procedure, determination
of operation areas, technical ability to perform safely, and
aseptic technique. In addition to those four items, seek-
ing help and post-procedure management were further
chosen to assess surgical skills. These items effectively
capture both instrumental preparation and essential sur-
gical skills.

Estimation of cognitive load

We selected the Paas CLS, the NASA TLX, and the CLC
questionnaires because they are widely validated tools
in educational research and are particularly suited for
assessing cognitive load in VR-based learning environ-
ments [22, 23, 43]. These measures capture different
dimensions of cognitive load: intrinsic, extraneous, and
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germane, providing a comprehensive evaluation of the
cognitive demands placed on learners during VR train-
ing. Their relevance to VR-based learning lies in their
ability to quantify the mental effort required for interact-
ing with complex virtual environments, which directly
impacts learning outcomes [31-33].

CLS

Immediately after the intervention, we employed the Paas
CLS [31] to estimate the total cognitive load. This scale
is a single-item measure that asks participants to rate
the intensity of mental effort on a 9-point scale (1 =very,
very low mental effort; 9 =very, very high mental effort).
The CLS has demonstrated good reliability (Cronbach
a=0.82-0.90) in instructional research [44].

TLX

This subjective assessment tool measures cognitive load
across six subscales: mental demand, physical demand,
temporal demand, performance, effort, and frustration
[32]. Participants rate each dimension on a visual ana-
logue scale (0-20) immediately after the intervention.
The TLX is known for its reliability (Cronbach a>0.80)
in evaluating cognitive load [45].

CLC

This instrument assesses intrinsic (task difficulty and
complexity), extraneous (instructional clarity and rel-
evance), and germane (practical focus and amount of
learning) cognitive loads [33]. Participants rate each of
the six items on a five-point Likert scale (1-5), allowing
for a detailed cognitive load score (2—10 per type, 6-30
total). The CLC has acceptable reliability (Pearson corre-
lation coefficient = 0.40-0.62) and validated scores for use
in workshop design and evaluation [46].

Measurement of HRV
Participants sat quietly and peacefully for 20 min to
ensure physical and emotional stabilization before
recording baseline HRV metrics and preparing for the
study, reducing the risks of simulator sickness and neg-
ative affectivity [47, 48]. Following this, participants
donned the HMD and breathed normally before engaging
in the intervention. HRV was measured using a Nexus-4
amplifier and recording system (MindMedia BV, Herten,
The Netherlands), which recorded electrocardiogram
(ECQ) signals from a single lead (lead I). HRV parameters
were analyzed in accordance with the guidelines set by
the European Society of Cardiology and the North Amer-
ican Society of Pacing and Electrophysiology [49].
Electrocardiogram data were acquired at a sample rate
of 1024 Hz and saved as raw data for analysis. HRV anal-
ysis focused on 5-minute epochs of ECG signals, which
were processed using custom-developed MATLAB
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scripts (The MathWorks, Inc., Natick, MA, USA). ECG
signals were continuously recorded for 12 min: during
the 10-minute intervention and the subsequent two min-
utes. HRV metrics were captured once every 30 s from
the 5th to the 12th minute to monitor dynamic changes
during and immediately after the session.

Sequences of normal-to-normal (NN) intervals were
selected, excluding artifacts, ventricular, or supra-
ventricular excitations [50]. Time-domain HRV mea-
sures included the standard deviation of NN intervals
(SDNN) and the root mean square of successive dif-
ferences between normal heartbeats (RMSSD). Fre-
quency-domain measures included spectral power in the
low-frequency (LF, 0.04—0.15 Hz) and high-frequency
(HF, 0.15-0.40 Hz) bands, along with the LF/HF ratio.

The selection of HRV metrics (SDNN, RMSSD, and LF/
HF ratio) was based on their established roles as physi-
ological indicators of stress and cognitive performance
[51-54]. HRV provides a valuable assessment of auto-
nomic nervous system activity, enabling objective evalu-
ation of participants’ stress levels and engagement during
training. Studies have demonstrated that HRV metrics
are sensitive to mental workload and stress induced by
immersive technologies, validating their relevance for
evaluating VR-based educational interventions [22, 55,
56].

Satisfaction score and learning acceptance

GSS: Post-intervention, we assessed “learning satisfac-
tion” using the GSS, which ranges from 0 (very dissatis-
fied) to 10 (very satisfied), measured on a visual analogue
scale [35].

AttrakDiff2

Developed to evaluate the acceptance of technical inno-
vations, the AttrakDiff2 questionnaire [36] uses 28 items
to assess four qualities: pragmatic quality, hedonic stimu-
lation, hedonic identification, and attractiveness. Par-
ticipants respond on a 7-point Likert-like scale, ranging
from -3 to 3, in a semantic differential format. The mean
values for each quality are calculated to create a scale
value for each category. The AttrakDiff2 has been used
extensively to assess learner experiences [57].

Qualitative feedback

At the conclusion of the intervention, semi-structured
group interviews were conducted to gather comprehen-
sive feedback and reflections from all participants. Fig-
ure 5 illustrates the sequential structure and content of
the interview questions as well as the thematic analysis
process. The interviews were guided by a predefined set
of open-ended questions to ensure consistency while
allowing flexibility for participants to share unique
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perspectives. These questions explored various aspects of
the IBVR and TBVR modules, including.

1. Engagement: “How engaging did you find the IBVR
and TBVR modules? Please elaborate”

2. Usability: “Were there any challenges or barriers to
using the VR modules?”

3. Instructional Content: “Did the content provided in
IBVR and TBVR meet your learning needs?”

4. Cognitive Load: “How would you describe your
mental effort while using IBVR and TBVR?”

5. Suggestions for Improvement: “What improvements
would you suggest for these modules?”

The qualitative data collected from the interviews were
analyzed using the thematic analysis method described
by Braun and Clarke [58]. This approach followed six
systematic steps: (1) familiarization, (2) generating initial
codes, (3) searching for themes, (3) reviewing themes, (4)
defining and naming themes, and (5) writing up.

Main outcome measurements

The primary outcome of this study was the Milestone
score measured post-intervention. Secondary outcomes
included DOPS scores, cognitive load scores, HRV indi-
ces, GSS, AttrakDiff2 scores, and qualitative feedback.

Sample size estimation

Sample size was estimated using primary outcome data
collected at the beginning of the study (IBVR: 3.1+0.7;
TBVR: 2.2+0.5). A two-tailed Wilcoxon signed-rank test
with the Lehmann method was applied. Based on the
observed effect size (Cohen’s d=1.44), a type I error rate
of 0.05, and a desired power of 80%, the required mini-
mum sample size was calculated to be seven participants

per group.

Statistical analysis
The D’Agostino and Pearson test was used to assess nor-
mality. As most variables were not normally distributed,
continuous variables are reported as medians with inter-
quartile ranges (IQR). Between-group comparisons of
continuous variables were conducted using the Mann-
Whitney U test, while within-group comparisons were
analyzed using the Wilcoxon signed-rank test. Categori-
cal variables were compared using Fisher’s exact test.

HRV data across multiple timepoints were analyzed
using generalized estimating equations with a first-
order autoregressive correlation structure to account for
within-subject correlation. A two-tailed p-value of <0.05
was considered statistically significant.

All statistical analyses were performed using G*Power
3.1.9.7 (Heinrich Heine University, Diisseldorf, Ger-
many), GraphPad Prism 9.0 (GraphPad Software Inc.,
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Predefined set of open-ended
questions
(engagement, usability, instructional
content, cognitive load, and suggestions
for improvement)

Familiarization
(immersion in the data by reading and
rereading transcripts to identify initial

patterns)
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the data)

Generating initial codes
(assigning labels to significant features of

Searching for themes
(organizing codes into broader patterns or

themes)

L (refining themes to ensure they accurately

Reviewing themes

represent the data)

Defining and naming themes
(assigning clear definitions and concise
names to each theme)

L.

Writing up
(resenting the findings with direct
quotes to support interpretations)

Fig.5 Flow diagramiillustrating the thematic analysis process, including the inductive analysis of responses to a predefined set of open-ended questions

San Diego, CA, USA), and IBM SPSS Statistics version
29.0 (IBM Corp., Armonk, NY, USA).

Results

Participant characteristics

Ten volunteers (four males [40%] and six females [60%])
with a median age of 28 years (IQR, 26—31) showed high
interest, with none declining to participate (Fig. 1). Five
participants (50%) were first-year ORL-HNS residents,
and five (50%) were second-year residents. Nine partici-
pants (90%) demonstrated a field-independent cognitive
style, and one (10%) was field-dependent. Baseline char-
acteristics were comparable between the IBVR-TBVR
and TBVR-IBVR groups, with no statistically significant
differences (all p>0.05; Table 1).

Comparison of IBVR and TBVR modules

Regarding learning outcomes and surgical performance,
there were no statistically significant differences in the
number of correct answers for small quizzes, whether

in pretests, posttests, or percentage change, between the
IBVR and TBVR modules (all p>0.05; Table 2). However,
the IBVR module showed significantly higher Milestone
levels (8 [IQR, 6-9] vs. 6 [IQR, 6-7]; p=0.04) and total
DOPS scores (140 [IQR, 134-147] vs. 129 [IQR, 124—
134]; p<0.01) compared to the TBVR module (Fig. 6).

When comparing cognitive load, the distributions of
the total CLS score, the six TLX subscales, and four CLC
type score between the IBVR and TBVR modules were
comparable (all p>0.05; Table 2).

Dynamic changes in HRV metrics across time and VR
module subgroups are depicted in Fig. 7. Using general-
ized estimating equations while controlling for age, sex,
residence level, and time, HR, SDNN, RMSSD, and LF/
HR ratio showed no relationship with VR module type or
training sequence (all p>0.05; Table 3). However, SDNN
(B, -75.8 [95% CI, —128.2—-23.4], p<0.01) and RMSSD
(B, -75.6 [95% CI, -137.8—-13.5], p=0.02) were sig-
nificantly associated with the interaction between VR
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Table 1 Comparisons of baseline participants characteristics
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Table 2 Comparisons of leaning outcomes, cognitive load

Characteristics  Overall IBVR-TBVR  TBVR-IBVR  P-val- estimates, satisfaction, and learning acceptance between the
group group group ue' IBVR and TBVR modules
Participants n=10 n=>5 n=5 Variables IBVR module TBVR module P-val-
Demographics ue'
Age (years) 28 (26-31) 26 (26-30) 28 (28-34) 0.08 Participants n=10 n=10
Men (n [%]) 4 (40) 2 (40) 2 (40) >0.99 Learning outcomes
Cognitive style Milestone (overall levels) 8 (6-9) 6 (6-7) 0.04
Field-indepen- 9 (90) 5(100) 4(80) >0.99 Small quiz (number of correct
dence (n [%]) answers)
Residency level Pretest 3(3-3) 3(3-3) 0.56
R1 (n [9%]) 5(50) 4 (80) 1(20) 0.21 Posttest 3(3-3) 3(3-3) 041
Heart rate Percentage small quiz change 0 (0-38) 0(—27-38) 049
variability %)
HR (bpm) 75 (70-80) 78 (72-90) 78.0(69-84)  0.58 DOPS (overall scores) 140 (134-147) 129 (124-134) <0.01
SDNN-before 59.2 60.2 60.02 068 CLS 6 (5-7) 5(5-6) 091
(ms) (414-794) (49.7-87.9) (41.3-92.6) TLX 53 (41-65) 48 (40-61) 0.39
RMSSD-before 490 54.6 39.09 0.53 Mental demand 13 (10-15) 12 (7-14) 0.26
(ms) (23.0-75.5) (25.8-76.2) (22.5-82.9) Physical demand 6(4-12) 6 (4-13) 078
LF/HF ratio 134 1.32 1.75 0.70 Temporal demand 8 (5-13) 8 (4-10) 059
(080-274) (080-251)  (075-311) Performance 10 (5-15) 12 (4-15) 0.77
Continuous variables are summarized as median (interquartile range) and 7 =
categorize variables are summarized as n (%), as appropriate. Abbreviations: Cl: Effort 118-12) 9(7-13) >0.39
confidence interval; HR: heart rate; IBVR: image-based virtual reality; LF/HF ratio: Frustration 5(3-7) 3(2-5) 0.38
low frequency/high frequency ratio; RMSSD: root mean square of successive CLC 19 (17-21) 19(18-21) 086
heartbeat interval difference; SDNN: standard deviation of normal-to-normal o -
intervals; TBVR: textbook-based virtual reality. 'Between-group differences Intrinsic cognitive load 4(2-5) 4(3-4) 048
were analyzed using the Mann-Whitney U test for continuous variables and Extraneous cognitive load 8 (7-9) 8 (7-8) 0.26
Fisher’s exact test for categorical variables, as appropriate Germane cognitive load 8 (6-9) 8 (7-9) 0.08
GSS 8(7-9) 8(8-10) 0.03
L. fe . AttrakDiff2
module and training sequence. Additionally, changes in , ,
. X . Pragmatic quality 1.7 (1.1-2.5) 2.1(1.3-2.6) 0.09
HRYV metrics were not influenced by time (all p>0.05). . .
L. Hedonic stimulation 1.5(0.9-1.8) 19(1.5-24) 0.01
The GSS score for the IBVR module was significantly o
1 h hat f he TBVR dule (8 [IOR. 7—9 3 Hedonic identification 1.6(1.2-1.8) 21(01.7-2.7) 0.03
ower than that for the module (8 [IQR, 7-9] vs. Attractiveness 16(13-19)  20014-26) 011

[IQR, 8-10]; p=0.03; Table 2). While there were no sig-
nificant differences in pragmatic quality or attractiveness,
the IBVR module demonstrated significantly lower scores
in hedonic stimulation (1.5 [IQR, 0.9-1.8] vs. 1.9 [IQR,
1.5-2.4]; p=0.01) and hedonic identification (1.6 [IQR,
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Fig. 7 Alterations in heart rate variability metrics over time and across virtual reality (VR) module subgroups. Bars represent medians, and whiskers indi-
cate interquartile ranges. Abbreviations: HR, heart rate; IBVR, image-based VR; LF/HF ratio, low frequency/high frequency ratio; RMSSD, root mean square
of successive heartbeat interval differences; SDNN, standard deviation of normal-to-normal intervals; TBVR, textbook-based VR

1.2-1.8] vs. 2.1 [IQR, 1.7-2.7]; p=0.03) compared to the
TBVR module.

Qualitative feedback

At the conclusion of the study, all participants partici-
pated in group interviews to provide detailed feedback
and reflections (Table 4). The qualitative analysis fol-
lowed Braun and Clarke’s thematic analysis framework,
identifying initial codes and progressing through themes
to final insights.

Key initial codes emerging from the data included
instructional content (100%), cognitive load (70%), self-
efficacy (60%), learning experience (30%), technology
acceptance (30%), evaluation (10%), and simulator sick-
ness (10%). The majority (70%) of participants reported a
positive experience with IBVR, while 50% expressed posi-
tive feedback regarding TBVR.

Through the grouping of codes, initial themes were
identified, including engagement (70%), usability (90%),
instructional content (100%), cognitive load (70%), and
suggestions for improvement (60%).

The refinement of initial themes led to the identifica-
tion of two final themes:

1. Usability of instructional content: This theme
emphasized the value of detailed and practical
instructional materials in enhancing the modules’
effectiveness. For example, Participant No. 10 stated,
“The IBVR training displayed more detailed aspects
of the actual operation and could potentially replace
some hands-on training”

2. Easy engagement: This theme reflected participants’
experiences with the modules’ design, focusing on
how cognitive load and engagement influenced their
learning. For instance, Participant No. 5 remarked,
“The monotone voice used in the IBVR training
became tiring and caused me to feel sleepy after
listening for extended periods”



Lin et al. BMC Medical Education (2025) 25:668 Page 13 of 19

— [ . .
v ] g Discussion
> 2 o 5
o 13588 E £ ndings of this study suggest that both IBVR and
3] d|lc s S © S o~ g olE e g y g8
3 S > = . . .
c S R - TBVR modules contribute to enhancing the surgi-
2 I 855 S o8 1 skills and knowledge of junior residents. IBVR ma
4] sla T 99 S =5 2| € cal sk g j
(] | VU ] - - - d 5| 2 . . . .
> le £/§IF73% 825007 b offer advantages in surgical competency, as indicated
- = = £ R 1 o — 9S8 . .
S | |8la223cy 2R -1 L1g by trends toward higher Milestone and DOPS scores,
@ [ — > . . . . . PR
Q o S I without significantly increasing cognitive load or affect-
=} — ‘@ . .
S Te %S g & ing HRV metrics. However, these benefits may come at
w 2= < ?/ 15} S K
o Hee e 2 the expense of user experience, as IBVR was associated
c = e o . . . . . .
s |z 59T - g with lower global satisfaction, hedonic stimulation, and
) | | (! .. . . 3
e | slg ¥R 2 g hedonic identification. In contrast, TBVR was perceived
o o ] . . . .
e |3 RE v g 5 s |8 as more accessible, with its structured and engaging
o @ ) { { 2 [~ 5 R . . . .
5 |[& l&lg)7 7% {38933 format making it particularly effective for procedural
=) = . . . .
o =3 |8 reviews and foundational learning. Meanwhile, IBVR was
g ] ) T . . . . .
2 3_.55 ., & 83 | qlf valued for its detailed instructional content and potential
£ 233 g e o w = T|&E ;
E fevve g §EFL o8 to enhance self-efficacy, particularly in complex surgical
g _. = ] - - - 1|8 X
= 528 @ 7 &= N8BS, scenarios.
= T - & T T . . . .
< ol S Doy g EEe DT g8 While IBVR showed significant benefits in competency
g glgle g g E A
= < | ElBly =S €3 development, the observed lower global satisfaction,
o© A 2 al/d& 35 s & . . . . . . .
oA T £5 hedonic stimulation, and hedonic identification high-
c S =
& g - light areas for improvement in novice learner experi-
© S o o 33 o .
2 HEEEE: 3 - - |E% ence. Based on participant feedback, a phased approach
Kl 59 5 R < . . .
3 <A {599338 to surgical training may be beneficial: starting with TBVR
wn - =
= a1 Saae |28 f tablishing foundational knowledge and procedural
= 24 Taa |5 or esta g
< s|158a ISE 5B o : .
ox 558|225 3 =127 0es familiarity and gradually incorporating IBVR to enhance
gL d S oy alE : : :
2 g | 58z28c eglsEis readiness for complex scenarios and real-world applica-
@ |2 [8aTT7T7T8 s E88nns Lbe .
£ - ffaacs|E3 tions. Training modules should be tailored to accommo-
C v o« S 'g
© g s E date learners at different levels of expertise, with TBVR
5 s g £g . . . .
2 i8<gig £ serving as a stepping stone to the more immersive and
2 s a 23 cognitively demanding IBVR.
& T 2 . P
= 311 § - . .]eg Future iterative improvements to IBVR modules could
m = o O
g |5 sla 8By 2SS 2S|Es enhance user engagement and reduce cognitive strain by
b 5 ! ! 3 &« E . . . . . . .
2 | ¢ Bl =g z 2 incorporating clearer, more vivid voice narrations, mini-
= |z Slg o ¢ o T o : ;
¢ | = a7 s T |§3 mizing background noise, and offering shorter, focused
= wn - =
S < | | + © o . . oy . .
S SL0 258 training sessions. To mitigate the lower hedonic stimu-
= @ =133 7|8% . . . . .
= Brwne BUSTT I3 lation associated with IBVR, integrating gamification
= = o & s L T 5 X Tz . A
£ o fe S g 582345 ¥y elements, dynamic feedback, and personalized content
kel o < S a7 T |6 ] - K
2 g @ s & 3 could make the experience more enjoyable and engaging
© o 5 X [S) PR . . . oy .
2 g £= 19 ;‘E 7 §§ [59]. Additionally, eliminating repetitive demonstrations
K L= k) . . . . .
& |8 Egi=id o 3 5 and ensuring that instructional content is concise and
= B~ v mm = S _ = . .
E gl Ela|r @53 TS a8t targeted would further improve the learner experience
2 " seves <% [60]. These refinements aim to enhance hedonic stimu-
= 2 I3 . . . . . . .
Q gla B8 By lation and identification, thereby striking an optimal
.o d|c s 5 o € . . .
S 5-5 balance between instructional effectiveness and learner
- = EE ) .
& Se9 < fe =88 satisfaction.
c S[E%7. £-%3g98¢
5 e Slomed BIYS I NES
g 3 el BlL L L 154 X1 =S LigE Comparisons with previous research
8nag 8885 5|sg8 . L o
5 |2l Blange T SBan R AT g< Our findings align with prior research, including meta-
S 25 analyses demonstrating that immersive VR generally has
B 5 B " . .
g ?gé a positive, albeit modest, effect on learning 0L.1tc0mes
< E] 3 ge across various disciplines, particularly at junior lev-
:,J olg |3 o %3 o 52 els [61]. These effects are attributed to immersive VR’s
Elg |¢ s g ¢ gle R s .
2SlE |8 QLo 88 > QL83 ability to promote active engagement and enhance spa-
So/s |¢ 22182 22 %|z2 ) : ; . o th
S SlE & f3z35&& £3z3|88 tial reasoning. Our study builds on this by showing that




Lin et al. BMC Medical Education (2025) 25:668

Table 4 Qualitative feedback of the IBVR and TBVR modules
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No. Age Sex Cog- Resi- IBVR module TBVR module Initial themes
(years) ni- dence
tive level
style

1 26 F Fi R1 Having participated in ventilation tube insertion The sensor location of the facial engagement, us-
procedures allows me to observe them more atten-  nerve detector and the position of ability, instructional
tively and receive more targeted feedback. In con- the ground line could be illustrated in - content, cognitive
trast, since | have not been involved in any da Vinci  greater detail. load, suggestions for
operations, | find it challenging to retain the details improvement
after viewing VR simulations of these procedures

2 26 F Fl R1 The IBVR training videos are meticulously produced, | can control my reading speed more  engagement, us-
and the accompanying quizzes are notably effectively with the textbook com- ability, instructional
engaging. pared to watching the videos. content, cognitive

load

3 26 F Fi R1 I gained a lot from the IBVR training, although the  TBVR instructions appear to be more  engagement, us-
narration was often disrupted by background noise.  straightforward to comprehend than  ability, instructional

image-based VR instructions. content, cognitive
load

4 28 M Fl R1 The IBVR training captures the feel of actual surgical — The text should provide more detailed  engagement, us-
operations well. Enhancing the simulations to allow  descriptions of the procedures, and ability, instructional
for operating instruments in VR could make the ex-  the illustrations could be clearer. Some content, cognitive
perience even more realistic. Nevertheless, the train-  terms were unclear to me. load, suggestions for
ing provides valuable feedback and has significantly improvement
improved my practice in the operating room.

5 31 M Fl R2 The monotone voice used in the IBVR training The TBVR training contained too engagement, us-
became tiring and caused me to feel sleepy after many slides on each page. | found the  ability, instructional
listening for extended periods. learning effectiveness of the IBVR to be  content, cognitive

superior to that of the TBVR. load

6 28 F Fl R1 The pace of the IBVR training was somewhat too There were too many tests, and the instructional content
slow. font size of the text was quite small.

7 32 M FD R2 The effectiveness of the IBVR training could be Very stylish. usability, instructional
enhanced by integrating it with actual practice content, suggestions
sessions. for improvement

8 28 F Fl R2 The titles were overly wordy. While the narration It was difficult to navigate the pages  usability, instructional
was clear, it lacked intonation, and the video quality ~ of the VR textbooks. | suggest reducing  content, suggestions
was high. the number of words in the dialog for improvement

boxes.

9 28 F Fl R2 The IBVR training provided clearer instructions than — The pretest and posttest small quizzes  engagement, us-
the TBVR training, as the steps were depicted more  aligned well with the TBVR instruc- ability, instructional
vividly and directly. | recommend reducing the time  tional content and were more engag-  content, cognitive
spent on demonstrating sensor placements for ing than reading the actual textbook.  load, suggestions for
the facial nerve detector. Additionally, could IBVR However, the head-mounted display ~ improvement
training be extended to include neck dissection made me feel a bit dizzy. Additionally,
procedures? some sentences related to the da Vinci

system were somewhat difficult to
understand.
10 36 M Fl R2 The IBVR training displayed more detailed aspects of  TBVR training was more suitable for ~ engagement, us-

the actual operation and could potentially replace
some hands-on training. It would be beneficial to
eliminate repetitive demonstrations, like sensor
placements, to maintain attention.

reviewing procedures. The VR provided
an excellent visual experience and
captured my attention.

ability, instructional
content, cognitive
load, suggestions for
improvement

Abbreviations: F: female; FD: field dependence; Fl: field independence; IBVR: image-based virtual reality; M: male; R1, the first-year resident; R2, the second-year
resident; TBVR: textbook-based virtual reality

IBVR is more effective than TBVR in improving Mile-
stone and DOPS scores, highlighting its potential for
skill acquisition in surgical training. However, consistent
with findings by Kavanagh et al. (2017) [62], the impact
of immersive VR on advanced psychomotor skills, such

as surgery, appears less pronounced, potentially due to

increased cognitive load and technical, ergonomic, and
cost-related challenges. Despite these limitations, immer-
sive VR remains valuable in hands-on learning contexts
by fostering spatial knowledge and procedural memory
[63, 64].
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Our study provides unique insights into the compara-
tive effectiveness of semi-immersive (TBVR) and fully
immersive (IBVR) VR systems, particularly when applied
sequentially. While the small sample size limits generaliz-
ability, the observed benefits of a TBVR-IBVR sequence
in optimizing skill acquisition and user experience are
noteworthy. By incorporating physiological metrics such
as HRV and cognitive load assessments, our research
offers a multidimensional evaluation of VR-based train-
ing—an aspect underexplored in previous literature.
Participant feedback further enriches these findings,
emphasizing the usability of instructional content and
ease of engagement as critical factors influencing the out-
comes of VR training modules.

Despite advancements in VR-based educational tools,
a critical gap remains in the provision of adaptive learn-
ing content tailored to individual needs [65]. Our find-
ings suggest that a TBVR-IBVR sequence facilitates a
smoother transition for VR novices, reducing learning
barriers while enhancing surgical skill acquisition. This
structured approach may help learners progressively
adapt to the more immersive and cognitively demanding
IBVR modules.

As learners build foundational skills in TBVR’s struc-
tured environment, they develop the confidence neces-
sary to navigate the challenges of IBVR, which requires
higher interaction and cognitive engagement. While
cognitive load reports were similar across groups, the
IBVR-TBVR group exhibited lower SDNN and RMSSD
metrics, indicative of higher stress levels and reduced
cognitive performance [52]. Conversely, the TBVR-IBVR
group scored higher in pragmatic quality and hedonic
identification during the initial training phase.

This phased approach aligns with self-determination
theory, which posits that meeting the psychological needs
of competence, autonomy, and relatedness fosters moti-
vation and goal achievement [66]. Gradually increasing
the complexity of learning environments allows learners
to develop effectively without becoming overwhelmed,
enhancing their readiness for more advanced VR-based
scenarios [67]. A learner-centered approach combin-
ing TBVR’s simplicity with IBVR’s immersive experience
optimizes the educational trajectory, improves surgical
training outcomes, and better prepares learners for real-
world applications while fully leveraging VR technology.

Thematic analysis identified key strengths and areas for
improvement in both IBVR and TBVR modules. IBVR’s
rich instructional content and immersive design were
highlighted as significant advantages, particularly in
enhancing usability for complex surgical training. How-
ever, challenges related to cognitive load and engagement
underscored the need for iterative refinement to further
improve the learner experience.

Participant feedback highlights the value of IBVR:
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« Participant 1 appreciated receiving targeted
feedback, especially with prior ventilation tube
insertion experience.

« Participant 3 noted significant benefits from IBVR.

+ Participant 4 commented on the realistic feel of the
surgical operations captured by IBVR.

« Participant 9 found IBVR clearer and more vivid
than TBVR.

+ Participant 10 observed that IBVR offered detailed
insights into actual operations, suggesting its
potential to supplement or even replace certain
aspects of hands-on training.

Overall, our results suggest that while IBVR improves
skill acquisition, its impact on knowledge retention is less
evident. The high fidelity of IBVR likely enhances spatial
reasoning and procedural memory, key for complex sur-
gical training. Higher fidelity VR systems offer a more
realistic experience and better retention of spatial knowl-
edge [68]. Thus, the use of IBVR in surgical education not
only aids in mastering complex procedures but also helps
solidify spatial and procedural understanding, which is
essential for effective surgical training.

However, IBVR may have lower hedonic qualities com-
pared to TBVR for several reasons:

+ Cognitive demands: IBVR immerses learners in
a rich, interactive 3D environment, which can be
more cognitively demanding than TBVR. Although
a recent study indicated that redundant formats
in an immersive VR environment did not increase
cognitive load compared to solitary formats, IBVR
requires active engagement, which can be tiring
or stressful for some learners, leading to reduced
enjoyment.

+ Technological limitations: Hardware issues, such
as motion sickness or discomfort, can arise in
VR conditions [69]. However, the higher level of
immersion in IBVR may amplify these effects due to
the fully immersive nature of the experience, which
often involves more sensory input and prolonged
exposure.

+ Expectations vs. reality: High expectations for
immersion may not be fully met, affecting user
satisfaction [70]. As noted by participants 5, 6, and
8, this gap between expectation and reality can
negatively affect their hedonic experience.

While less immersive, TBVR is effective during early
learning phases by offering a structured, user-friendly
environment that prevents cognitive overload [71]. Its
benefits include:
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« Enhanced focus: Clear, distraction-free content
presentation aids in foundational learning [72].

+ Ease of use: Simple interfaces make TBVR more
accessible, especially for less tech-savvy learners [73].

«+ Structured learning: TBVR’s step-by-step format is
ideal for building foundational knowledge [74].

+ Technological limitations: Motion sickness or
discomfort can occur in both IBVR and TBVR
conditions. However, TBVR’s semi-immersive
nature and structured presentation may reduce the
likelihood and intensity of such issues compared
to the fully immersive IBVR. This advantage is
attributed to TBVR’s simpler interaction design
and lower sensory input, which can create a more
stable and predictable learning environment [61].
Participant feedback also highlighted TBVR’s
user-friendly design as a key factor in minimizing
discomfort and maintaining engagement during
training.

+ Integration with traditional learning: TBVR can
supplement textbooks or lectures with interactive
sessions that bridge the gap between theoretical
knowledge and practical application [75].

Study limitations

This proof-of-concept study offers valuable insights but
has several limitations. First, participants’ prior VR expe-
rience was not considered, which may have affected the
learning curve, especially for novices engaging with the
immersive IBVR content. Second, the use of a machine
gun and a crossbow as placeholders in the small quiz-
zes, which were default assets from the VR develop-
ment software, may have caused confusion, detracted
from the educational focus of the application, or poten-
tially influenced HRV metrics in participants sensitive to
weapon imagery. Future iterations will address this issue
by replacing these placeholders with anatomically accu-
rate hand models or neutral tools more appropriate for
medical training. Third, operational skills were assessed
through direct observation of interactions and surgi-
cal performance. However, variability in residents’ prior
experience with the assessed procedures could have
influenced the results. Although common assessment cri-
teria were used, a comprehensive evaluation of all clinical
competencies was not feasible. Fourth, the study involved
only ten junior residents, which limits the generalizabil-
ity of the findings. As a proof-of-concept pilot study, the
primary goal was to explore feasibility and trends rather
than draw definitive conclusions. Future larger-scale
studies with more diverse cohorts are necessary to vali-
date these results and assess the long-term effectiveness
of IBVR and TBVR training modules in broader clini-
cal settings. Additionally, this study only evaluated the
immediate outcomes of VR training over a short-term,
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8-session program. The lack of long-term follow-up pre-
vents the assessment of skill retention and transferability
acquired through IBVR and TBVR. Future studies should
include extended follow-up periods to evaluate the dura-
bility of learning outcomes and their applicability in real-
world clinical settings. Lastly, the VR training modules
were conducted in a controlled, artificial environment
that may not fully replicate the complexities and unpre-
dictability of real-world surgical settings. The study also
focused on a limited set of surgical procedures, which
may restrict the generalizability of the findings to other
contexts or specialties. Future research should explore
a broader range of surgical scenarios and incorporate
hybrid training environments that combine virtual and
real-world elements to bridge the gap between VR-based
training and clinical practice.

Conclusions

This proof-of-concept study suggests that IBVR modules
may enhance Milestone and DOPS scores more effec-
tively, while TBVR provides an accessible starting point,
facilitating clarity and engagement without increas-
ing cognitive load or stress. A structured progression
from TBVR to IBVR could optimize training efficiency,
supporting skill acquisition while managing cogni-
tive demands. Given the study’s exploratory nature and
relatively small sample size, future large-scale research
should further refine VR-based training strategies, inves-
tigate learner variability, and assess long-term skill reten-
tion to strengthen the evidence base for integrating VR in
surgical education.
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