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Summary

Virtual reality (VR) is increasingly adopted in surgical education as a safe and controlled
environment for developing technical and non-technical skills. Parallel to this, physiological
biofeedback has emerged as a promising method for assessing stress, workload, and cog-
nitive performance during complex tasks. This review explores the current evidence on VR
and biofeedback in surgical training, highlighting their synergistic potential. We discuss how
VR simulations replicate operative scenarios with high fidelity and how biofeedback param-
eters such as heart rate variability and galvanic skin response can provide objective insights
into surgeon performance and stress regulation. We then outline a pilot study design in
which novice and experienced surgeons are placed in a VR operating room scenario, with
biofeedback metrics recorded. We hypothesise that experienced surgeons will demonstrate
more stable physiological responses and superior task performance, reflecting greater resil-
ience and expertise. Such findings could inform adaptive, personalised training models that
adjust difficulty levels or provide targeted feedback in real time. Integrating VR and biofeed-
back into surgical education has the potential to enhance skill acquisition, improve stress
management, and bridge the gap between simulation and the operating room.

Key words: biofeedback, cognitive load, simulation, surgical education, surgical training,
virtual reality

Introduction

Surgical training requires not only technical skill but also the ability to maintain
performance under conditions of stress and uncertainty. Traditional apprentice-
ship-based models are increasingly supplemented by simulation, allowing for delib-
erate practice without risk to patients. Virtual reality (VR) has become a cornerstone
of surgical simulation, offering immersive, repeatable, and adaptable environments
for learning procedural steps, instrument handling, and team coordination.

At the same time, there is growing recognition that a surgeon’s physiological
and cognitive responses to stress directly influence performance and patient
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outcomes. Biofeedback technologies, such as electrocardiography, galvanic skin
response sensors, eye tracking, and electroencephalography, can help quantify
stress and workload in real time. Integrating these tools into VR-based training
provides a novel opportunity to capture objective metrics of surgical performance.

The cognitive load theory (Sweller 1988, 2010) highlights that working memory
has a limited capacity, and performance deteriorates when cognitive load exceeds
this threshold. Several studies have demonstrated that physiological markers,
such as heart rate variability (HRV), pupil dilation, and eye-tracking patterns, cor-
relate with cognitive load during surgical tasks (Zakeri et al. 2020; Tam et al. 2024).

The aim of this review is threefold: (1) to summarise current applications
of VR in surgical training; (2) to highlight evidence on biofeedback as a per-
formance assessment tool; and (3) to propose a study comparing novice and
experienced surgeons in a VR operating room scenario, with biofeedback as a
primary measure of physiological response.

Methods of the review

Relevant literature was identified through PubMed, Scopus, and Web of Science
using combinations of the following keywords: virtual reality, surgical training,
simulation, biofeedback, heart rate variability, galvanic skin response, and cog-
nitive load. Articles published in English up to 2025 were considered. Both
experimental and review studies focusing on surgical or high-stakes training
environments were included.

Inclusion criteria: (1) Peer-reviewed studies published in English up to 2025,
(2) Experimental, observational, or review studies examining VR, biofeedback,
or cognitive load in surgical or high-stakes procedural training, (3)Studies re-
porting physiological, behavioural, or performance-related outcomes.

Exclusion criteria: (1) Non-peer-reviewed sources, editorials, or opinion pa-
pers, (2) Studies without measurable outcomes, (3) Studies unrelated to simu-
lation, cognitive load, surgical skills, or VR environments

Virtual reality in surgical training

VR simulators have been available for more than a decade and provide immer-
sive platforms for practising surgical skills. A systematic review has demon-
strated the effectiveness of immersive VR (iVR) in improving skill acquisition
and transfer to real-life OR settings among medical students, residents, and
staff surgeons (Mao et al. 2021). Extended reality simulators have similarly
shown enhanced performance metrics in robot-assisted surgery training com-
pared to no additional training. Such technologies support scalable, objective,
and risk-free training (Bric et al. 2016). Virtual reality (VR) offers several ad-
vantages in surgical training in open, laparoscopic and robotic surgery (Lange
et al. 2000; Bric et al. 2016; Pulijala et al. 2018; Mao et al. 2021). It provides a
risk-free environment where trainees can repeatedly practice procedures with-
out compromising patient safety (Lange et al. 2000; McKnight et al. 2020). VR
enables standardised exposure to a wide range of clinical scenarios, ensuring
consistent learning opportunities regardless of the availability of cases in the
operating room. Moreover, it facilitates the development of psychomotor and
spatial skills essential for minimally invasive and robotic surgery. Learners ben-
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efit from immediate, objective performance feedback, which supports self-as-
sessment and targeted skill improvement. In addition, VR enhances engage-
ment and motivation, fostering active participation compared to traditional
didactic methods. Collectively, these advantages highlight VR as a valuable
adjunct to conventional surgical education.

Biofeedback in surgical performance monitoring

Biofeedback refers to the measurement of physiological signals that reflect
stress and workload. Commonly analysed parameters include:

+ Heart rate variability (HRV): Reflects autonomic regulation and cogni-
tive effort;

+ Galvanic skin response (GSR): Indicates sympathetic arousal/stress levels;

+ Pupillometry: Tracks pupil dilation correlating with cognitive load;

+ Eye tracking: Provides insight into attention and mental workload.

Studies suggest that novices display higher heart rates, reduced HRV, and el-
evated GSR during surgical tasks, consistent with increased stress, while expe-
rienced people typically show physiological stability, indicating better resilience.
Data on biofeedback and surgeons in the literature is scarce (Kelly et al. 2023).

Biofeedback captures physiological signals that reflect stress, cognitive work-
load,and attentionaldemand. The most frequentlyused measuresinclude (Table 1):

Table 1. Biofeedback in surgical performance monitoring.

Biofeedback Measure Physiological Basis Interpretation Typical Findings in Novices

Heart Rate Variability (HRV) Autonomic nervous system Lower HRV - higher stress/ Reduced HRYV, elevated HR
balance cognitive demand
Galvanic Skin Response (GSR) Sympathetic arousal Higher peaks - increased stress ' Larger and more frequent peaks
Pupillometry Locus coeruleus - Pupil dilation - increased Larger fluctuations
norepinephrine system cognitive load
Eye Tracking Visual attention distribution Fixation patterns reflect More erratic, less efficient gaze
workload & expertise paths

Integrating VR and biofeedback

Combining VR with biofeedback enables immersive simulation while concur-
rently monitoring cognitive and emotional states (Rockstroh et al. 2020; Mao
et al. 2021; Liddecke and Felnhofer 2022). VR-supported HRV biofeedback in-
terventions have demonstrated improvements in stress indicators, user expe-
rience, and engagement compared to traditional methods (Bisson et al. 2007;
Repetto et al. 2009; Frank et al. 2010; Liiddecke and Felnhofer 2022). Broader
VR-biofeedback approaches show efficacy in promoting relaxation, reducing
mind wandering, and supporting focused attention. A systematic overview
confirms the viability of physiological monitoring in VR for assessing arousal,
stress, and cognitive workload (Halbig and Latoschik 2021).

Recently, adaptive frameworks using HRV and eye-tracking were developed
to adjust VR difficulty based on detected cognitive load.

Studying virtual reality biofeedback (VR-BF) in health, still does not clearly
demonstrate that it is superior to traditional biofeedback. However, findings
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suggest that VR-BF may offer benefits in terms of motivation, user experience,
engagement, and attentional focus (Liiddecke and Felnhofer 2022).

The combination of virtual reality and biofeedback has shown benefits in
anxiety and pain in patients after surgery (Prabhu et al. 2020; Orgil et al. 2023;
Prabhu et al. 2024).

Proposed study: Comparing Novice and Experienced Surgeons.

Participants: Novice group: 10-15 surgical residents.

Experienced group: 10-15 attending surgeons with > 5 years of indepen-
dent experience.

Hypotheses: (1) Expert surgeons will demonstrate greater physiological stabili-
ty (higher HRV, lower GSR peaks, less pupillary fluctuation) compared with novices.
(2) Biofeedback metrics will correlate with technical performance. (3) Eye-tracking
efficiency will distinguish expertise levels more reliably than HRV or GSR.

Methods

Participants will perform a standardised VR surgical task (e.g., laparoscopic
scenario) using a high-fidelity simulator. Real-time biofeedback will be record-
ed - HRV and GSR.

Procedure

Collect baseline physiological data.
Perform a VR scenario with time pressure and scripted complications.
Record performance metrics: completion time, errors, and motion efficiency.

Anticipated outcomes

Experienced surgeons will show more stable HRV and lower GSR peaks.
Performance measures correlate with biofeedback, validating physiological
markers as indicators of expertise.

Impact

The study could reveal objective biomarkers of surgical expertise and pave
the way for adaptive, personalised simulation systems that dynamically adjust
based on a trainee’s physiological state.

Discussion

This review highlights the growing opportunities to create a more holistic model
of surgical training by combining virtual reality (VR) simulation with physiologi-
cal biofeedback. While VR has matured considerably as an educational tool, of-
fering high-fidelity visual, haptic, and procedural replication, there is increasing
recognition that technical skill alone does not fully predict operative safety or
success (Heard et al. 2025). Real-world surgical performance is the combina-
tion of motor skills, cognitive load, situational awareness, emotional regulation,
and stress resilience (Kiernan and Rahman 2015). Integrating biofeedback into
VR environments provides a new understanding of these competencies.
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Beyond the acquisition of psychomotor skills, modern VR systems serve
as platforms for non-technical skill training, including decision-making, com-
munication, and crisis response; exposure to rare but critical scenarios, which
can be a challenging experience during residency; standardised assessment,
helping overcome the variability of clinical case exposure and a safe failure
platform, allowing trainees to learn through error without patient harm (Halbig
and Latoschik 2021). These capabilities align with contemporary theories of
cognitive apprenticeship and deliberate practice, where feedback, repetition,
and graduated challenge are central to expertise development.

The cognitive load theory provides an essential framework for interpreting
physiological responses during surgical performance. A surgeon must manage
intrinsic load (task complexity), extraneous load (interface, equipment and dis-
tractions), and germane load (learning processes) (Almukhtar et al. 2025; Wu et
al. 2025). When the cumulative load exceeds working memory capacity, errors
and inefficiencies increase.

Biofeedback markers offer an objective view of these dynamics. In high-load
situations, trainees may show elevated sympathetic arousal, reduced cognitive
flexibility, and poorer motor control. Understanding when and why cognitive
overload occurs could improve curriculum design and ensure that learning oc-
curs at an optimal challenge point.

Although biofeedback is promising, the degree to which each metric re-
flects surgical workload varies. HRV is highly sensitive to stress but influ-
enced by respiration, emotional arousal, and movement. However, GSR
captures acute sympathetic spikes, but it lacks specificity (Liiddecke and
Felnhofer 2022; Orgil et al. 2024).

A multimodal approach may provide superior reliability compared with any
single metric. Further validation in a real operating room environment is needed
to establish ecological validity.

One of the most transformative implications of VR-biofeedback integration
is the potential for adaptive and personalised training. For example, those
demonstrating low cognitive engagement could be challenged with increased
scenario complexity or unexpected intraoperative events. Also, trainees at risk
of burnout or performance decline could be identified.

The integration of physiological monitoring introduces new ethical ques-
tions (Houghton et al. 2024; Jiwa et al. 2025).

Although promising, VR-biofeedback integration faces several challenges
(Table 2).

Table 2. VR-biofeedback challenges.

Challenge Expanded explanation Potential solutions
Hardware and cost High-fidelity VR, eye tracking, and HRV Shared institutional centres; modular, consumer-grade
systems are expensive. wearables; cloud-based processing.
Technical standardisation Variability in sensors, sampling rates, and Development of open-source benchmarks and
software pipelines hinders comparison. consensus reporting guidelines.
Environmental interference | Lighting, movement artifacts, and temperature Calibration protocols; noise-filtering algorithms;
can affect readings. standardisation of testing environments.
Cognitive overload Showing real-time biofeedback during tasks Use feedback only during debriefing; incorporate
may distract learners. graded exposure to stress-management techniques.
Educator training Instructors often lack experience interpreting Dedicated faculty workshops; integration into
physiological data. simulation centre training programs.
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Conclusion

Virtual reality, combined with biofeedback, offers a powerful framework
for surgical training, equipping learners with immersive rehearsal and mea-
surable stress monitoring. The proposed pilot study comparing novice and
expert surgeons can uncover physiological markers of expertise, enabling
the development of adaptive, individualised training that enhances perfor-
mance and patient safety.
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