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Abstract
This study develops and evaluates quantitative metrics to assess surgical dexterity within
virtual reality (VR) simulations to enhance surgical training and performance. By employ-
ing advanced VR technology, this research systematically investigates the influence of
controlled experimental factors—posture, handedness, and visual magnification—on
surgical performance. The impact of human factors such as surgical specialty, expe-
rience, and lifestyle factors like sleep and caffeine consumption on surgical dexterity
is also analyzed. The findings reveal that seated posture, dominant hand usage, and
enhanced visual magnification significantly improve surgical precision and efficiency.
Contrary to common beliefs, lifestyle factors such as sleep duration and coffee consump-
tion showed minimal impact on performance metrics. The study highlights the potential
of VR simulations to provide a controlled, replicable, and safe environment for surgical
training, emphasizing the importance of personalized training protocols that cater to indi-
vidual surgeon’s needs. The insights from this research advocate for integrating quanti-
tative, objective metrics in surgical training programs to refine and accelerate dexterity
acquisition, ultimately aiming to improve patient outcomes and surgical care.

Introduction
Surgical competence relies on visuo-spatial awareness and fine motor skills, essential for per-
forming complex operations with minimal risk and optimal outcomes [1]. Traditionally, these
skills are acquired through practice and mentorship in clinical settings [2,3]. However, tra-
ditional methods often struggle to replicate the complexity of real surgical environments
[4–7].

With the advent of digital technology, virtual reality (VR) has become a transformative
tool in surgical training. VR provides a controlled environment where surgical scenarios can
be replicated with precision [8–11,20]. It allows for manipulation of variables such as posture,
handedness, and visual magnification, which can impact surgical performance [12–14,16,21].
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tive metrics. Many evaluations rely on subjective judgments or task completion times, which
do not capture the full complexity of surgical dexterity [15,19]. This study proposes objec-
tive metrics, including endpoint accuracy, motion path length, and economy of movement,
to better assess surgical dexterity. These metrics are used to evaluate performance in different
postures, offering insights into their effects on surgical outcomes.

In addition to controllable factors like posture and handedness, non-controllable variables
such as years of experience, specialty, and lifestyle habits (e.g., sleep and caffeine intake) are
examined to understand their impact on surgical performance. As summarized in Table 1,
previous investigations into surgical posture have employed different approaches (e.g., elec-
tromyography, self-report questionnaires) to evaluate physical strain or skill performance.
However, many of these studies did not objectively link posture-related findings to quantifi-
able surgical dexterity metrics.

Further analysis of the VR environment setup (Fig 1) includes factors such as handedness
and visual magnification, showing performance variations based on these settings.

Methodology and experimental design
Research methodology
This study employed a structured approach combining virtual reality simulation, real-time
motion capture, and advanced data analysis techniques. A total of 34 surgeons were recruited
from two local hospitals, with informed consent obtained prior to participation. Each partic-
ipant performed standardized tasks on a high-fidelity VR simulator under controlled condi-
tions, varied by posture (sitting vs. standing), visual magnification (1× vs. 10×), and handed-
ness (dominant vs. non-dominant). The primary data comprised time-series motion track-
ing of the surgical instruments, from which quantitative metrics such as motion path length,
smoothness, and endpoint accuracy were extracted. After data filtering and segmentation,
appropriate statistical tests were conducted based on normality assessments to compare per-
formance across the different factors. Fig 2 provides an overview of this methodology, illus-
trating each stage from participant recruitment to data processing and statistical procedures.
The following subsections detail each phase of the study, including participant enrollment,
experimental protocol, data processing, and statistical methods.

Data acquisition tool
Hardware implementation. The hardware implementation for this study consisted of

three key components. First, an Acer 3D monitor with an integrated infrared emitter was
employed to provide a stereoscopic 3D display, allowing for a more immersive experience
during the simulations. The second component was the Sensable PHANTOMOmni devices,

Table 1.The different approaches/findings and gaps of study regarding postures during surgery.
Study Approach/Finding Gap
Singh et al. (2019) [16] Postures discomfort measured from

questionnaires
Lack of objective measurements on
evaluating posture discomfort

Ramakrishnan et al. (2017) [17] Postures discomfort measured from
EMG sensors and questionnaires

Lack of objective measurements to
reflect on surgical skills performance

Takayasu et al. (2019) [18] Experts performed lesser deviations
on standing postures compared to
novices

Lack of comparison between standing
and sitting postures

https://doi.org/10.1371/journal.pone.0318660.t001
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Fig 1. LAPMentor high-fidelity virtual simulator.

https://doi.org/10.1371/journal.pone.0318660.g001

chosen for their high precision in capturing 3D positional data, which is critical for accurately
recording the movements involved in surgical tasks. Finally, a Dell Alienware M17x served
as the computational unit, utilizing its high-performance graphics capabilities to process the
acquired data and render the virtual reality environment in real-time.

The complete hardware configuration is illustrated in Fig 3.
Software module. The software module was designed to integrate the hardware compo-

nents with the virtual environment, ensuring seamless interaction between the user and the
simulation. The graphical user interface (GUI), developed using Microsoft Visual Studio C++,
enabled intuitive interaction within the VR environment. To handle data synchronization
and provide haptic feedback, the software utilized the OpenGL and OpenHaptics libraries,
allowing for real-time responsiveness and precision in the simulation.

The overall software architecture is illustrated in Fig 4.

Subject recruitment
A total of 34 surgeons from various specialties were recruited from two public hospitals in
Johor Bahru, Malaysia, to participate in this study. Each participant was informed about the
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Fig 2. Overall flowchart of research methodology.

https://doi.org/10.1371/journal.pone.0318660.g002

Fig 3. Hardware implementation of the experimental setup.

https://doi.org/10.1371/journal.pone.0318660.g003
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Fig 4. Architecture of software deployment.

https://doi.org/10.1371/journal.pone.0318660.g004

purpose and procedures of the study, and informed consent was obtained to ensure voluntary
participation.

The participants included 19 females and 15 males, ranging in age from 26 to 55 years,
with a diverse representation of surgical specialties and years of professional experience. This
mix provides a broad base for analyzing the effects of virtual reality training across different
demographic and professional backgrounds.

The Table 2 provides a consolidated view of the participants’ demographic and professional
data, including gender distribution, age groups, dominant hand, and years of experience:

Table 3 is about lifestyle characteristics such as sleep hours per day, coffee consumption,
and video game exposure were also recorded, as these factors can influence cognitive and
physical performance:

Table 2. Demographic and professional background of participants.
Characteristic Total Female Male Dominant Hand
Participants 34 19 15 Right: 33, Left: 1
Age Group (years) 26-30 31-35 36-40 41-55
Number 6 13 7 8
Years of Experience 1-5 6-10 11+
Surgeons 14 14 6

https://doi.org/10.1371/journal.pone.0318660.t002

Table 3. Lifestyle characteristics of participants.
Lifestyle Factor Low Moderate High
Sleep Hours per Day 4-6 hours: 14 6-8 hours: 19 >8 hours: 1
Coffee Consumption None: 12 1-2 cups: 15 <1 cup: 3, 3-4 cups: 4
Video Game Exposure No: 20 Yes: 12 Maybe: 2

https://doi.org/10.1371/journal.pone.0318660.t003
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Fig 5. Summary of experimental setups with different controlled configurations.

https://doi.org/10.1371/journal.pone.0318660.g005

This structured demographic and lifestyle data provides a foundation for assessing the
impact of various factors on the effectiveness of VR-based surgical training.

Data collection protocol
Experiment setup. Subjects performed tasks under varying conditions of posture, visual

magnification, and handedness, with each configuration designed to assess different aspects of
surgical performance. The setups are summarized in Fig 5.

Data collection. Tooltip positions were captured at millisecond intervals, providing a
detailed dataset for movement analysis.

Data preprocessing and analysis
Efficient data preprocessing is critical for ensuring the integrity and validity of analyses in
studies that involve complex and dynamic data, such as those collected from virtual reality
surgical simulations. This section describes the methods used to preprocess the data collected
from participants performing surgical tasks within a virtual environment.

Filtering and normalization. Data normalization is crucial for ensuring comparability
across subjects and sessions. In this study, Z-normalization was applied to each set of move-
ment data to standardize the data distributions, facilitating more accurate comparisons and
analyses:

Z = (X – 𝜇)
𝜎 (1)

where X is the raw data, 𝜇 is the mean, and 𝜎 is the standard deviation. This normalization
process helps mitigate any discrepancies that arise from individual differences in scale and
operational handling, making the data suitable for subsequent statistical evaluations.

Segmentation. The continuous stream of motion data was segmented using a sliding
window approach, crucial for analyzing sequences of surgical movements:

Segment Length = 2000 points per window (2)
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This method divides the motion data into manageable segments, each containing 2000
data points, ensuring that each segment captures a complete action from start to finish. This
is particularly useful for isolating specific movements within the surgery simulation, such as
reaching for, grasping, and manipulating surgical instruments, allowing for detailed analysis
of each phase of the surgical task.

Motions captured during the virtual reality simulations were analyzed by categorizing
them into dynamic and static phases to assess surgical dexterity finely. Dynamic motions
involving the cursor’s movement towards a specific target illustrate the control and efficiency
of the surgeon’s hand movements and are depicted in Fig 6. Conversely, static motions occur
when the cursor is held steady at the target location, demonstrating the surgeon’s ability to
maintain precision and stability, as shown in Fig 7. Analyzing these phases separately allows
for a nuanced evaluation of different aspects of surgical skill, highlighting the surgeon’s pro-
ficiency in executing precise movements and maintaining steadiness under static conditions.

Feature extraction. After segmenting the data, key features such as motion path length,
velocity, endpoint accuracy, and motion smoothness were extracted. These features are
essential for quantitatively measuring surgical dexterity. For example, motion path length
and motion smoothness provide insights into the surgeon’s ability to move efficiently and
fluidly, while endpoint accuracy and the steadiness of static holds reflect precision and
control.

Fig 6. Dynamic motion depicting the cursor moving from the starting point to the target point.This phase
assesses the surgeon’s ability to initiate and control movement toward a surgical target, which is critical for tasks that
require reaching and positioning within a confined space.

https://doi.org/10.1371/journal.pone.0318660.g006

Fig 7. Static motion showing the cursor reaching the target point and remaining steady for 3 seconds.This phase
evaluates the surgeon’s capacity for maintaining focus and stability, which is essential for performing precise surgical
maneuvers.

https://doi.org/10.1371/journal.pone.0318660.g007
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Statistical analysis preparation. Following preprocessing, the data were prepared for sta-
tistical analysis. This preparation involved ensuring that all data segments were appropriately
aligned and formatted for comparative analysis across different trials and subjects. Statisti-
cal methods were then applied to these data to identify significant patterns and differences in
performance, which are directly related to the surgeon’s dexterity and competency in virtual
reality simulations.

This methodical approach to data preprocessing supports robust and insightful analy-
sis of surgical skills, providing a solid foundation for understanding the nuances of surgical
dexterity within a virtual environment.

Parameter extraction
Themotion data collected during the experiments allowed for the extraction of key per-
formance parameters, which were categorized into dynamic and static motion parameters.
Dynamic motion parameters included metrics such as motion path length, which was calcu-
lated using the following equation:

Path Length =
N–1
∑
i=1

√
(xi+1 – xi)2 + (yi+1 – yi)2 + (zi+1 – zi)2 (3)

This metric provides valuable insight into the efficiency of the movements performed dur-
ing the task. In addition, static motion parameters focused on end-point precision, which
is essential for assessing the accuracy of the final positions reached during the procedure.
Together, these parameters offer a comprehensive evaluation of the performance, capturing
both the efficiency and precision of the movements.

Statistical analysis
In this section, the extracted parameters from the VR simulations were used to conduct a
comprehensive statistical analysis to identify which experimental configurations minimized
errors and optimized performance, considering the diverse surgical backgrounds of partic-
ipants. This analysis included normalization and data grouping based on controlled experi-
mental factors and further analysis across various human factors.

Data normalization. To ensure comparability across different experimental settings and
participants, each parameter extracted from the data was normalized using the Min-Max
normalization technique:

Xnorm =
X – Xmin

Xmax – Xmin
(4)

where Xmin and Xmax are the minimum and maximum values of the parameter across all set-
tings for each subject. This normalization was crucial for analyzing the influence of experi-
mental control factors such as posture, visual magnification, and handedness.

Data grouping. The collected data were categorized based on three primary experimen-
tal factors: posture (sitting vs. standing), visual magnification (1x vs. 10x), and handedness
(dominant vs. non-dominant hand). This grouping allowed for the systematic analysis of how
each of these variables impacted surgical dexterity. By focusing on the configuration with the
least errors, the study aimed to isolate and assess the influence of each controlled factor. Fig 8
provides an overview of the data grouping process.
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Fig 8. Data grouping based on controlled experimental factors.

https://doi.org/10.1371/journal.pone.0318660.g008

Statistical methods. To determine significant differences across the various experimen-
tal groups, several statistical tests were employed. The Shapiro-Wilk test was initially used to
assess the normality of the data distributions, calculated as follows:

W =
(∑n

i=1 aix(i))
2

∑n
i=1(xi – x)2

(5)

In this equation, x(i) represents the ordered sample values, while ai are constants derived
from the covariance matrix of the order statistics of a sample of size n from a normal distribu-
tion.

Based on the results of the normality test, appropriate statistical methods were chosen. For
normally distributed data, an Independent Samples t-Test was applied when comparing two
groups, while an ANOVA was used for comparisons involving more than two groups. In cases
where the data did not follow a normal distribution, non-parametric alternatives such as the
Mann-Whitney U test or the Kruskal-Wallis test were used.

Post-hoc analyses were conducted using Tukey’s Honestly Significant Difference (HSD)
test to identify pairwise differences among the groups. The test statistic q was calculated as:

q =
X̄i – X̄j√
MSE/n

(6)

where X̄i and X̄j denote the sample means of the groups being compared, MSE represents the
mean squared error, and n is the sample size for each group.

The aim of these statistical analyses was to identify the experimental setup that consistently
produced the lowest error rates. This setup was then further examined in relation to human
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factors such as surgical specialty, years of experience, and lifestyle habits to assess its overall
efficacy.

Human factors analysis. Following the identification of the optimal experimental con-
figuration, the parameters were further analyzed to evaluate their relationship with vari-
ous human factors. These factors included the surgeon’s specialty (such as general surgery
or obstetrics), years of experience (ranging from novice to experienced), and lifestyle habits
(such as sleep duration and coffee consumption). The insights gained from this analysis were
crucial in developing tailored training programs that accommodate individual differences
in background and personal habits, thereby enhancing the educational effectiveness of VR
surgical simulations.

Results
The results section elaborates on the influence of controlled experimental factors and human
factors on surgical performance. These factors were assessed using parameters such as motion
path length, motion path accuracy, motion path precision, motion smoothness, economy
of movement, endpoint accuracy, and endpoint precision. Data were analyzed based on dif-
ferences in posture, visual magnification, handedness, and various human factors such as
specialty, years of experience, sleep, coffee consumption, and video game exposure.

Effects of experimental controlled factors
Posture. In this study, no significant differences were observed in motion path length,

economy of movement, or motion smoothness between sitting and standing postures across
various target locations. However, endpoint accuracy and precision varied significantly, with
the sitting posture resulting in better endpoint accuracy in vertical target positions. Fig 9
shows a comprehensive comparison of all posture-related performance metrics across dif-
ferent target locations, encapsulating motion path length, economy of movement, accuracy,
precision, smoothness, endpoint accuracy, and precision metrics.

Visual magnification. The adoption of 10x visual magnification markedly enhanced per-
formance metrics such as motion path length, economy of movement, and motion path pre-
cision across all target locations. Fig 10 illustrates the significant improvements achieved with
higher magnification, highlighting comparisons across a variety of surgical tasks.

Handedness. Performance disparities were evident between dominant and non-dominant
hands, with the dominant hand typically yielding better results in motion path accuracy, pre-
cision, and smoothness, especially in tasks targeting horizontal and vertical planes. Fig 11
combines these findings into a single visualization, providing a clear overview of the compar-
ative performance of dominant versus non-dominant hands.

Impact of human factors
Specialty. Significant differences were noted among specialties, with surgeons from the

oral and maxillofacial department exhibiting longer motion paths and lower economy of
movement compared to other specialties, especially in vertical and depth target locations.
This comprehensive analysis is illustrated in Fig 12, which combines metrics such as motion
path length, economy of movement, motion path accuracy, precision, and smoothness across
various specialties.

Years of experience. Experience was found to play a crucial role, particularly among sur-
geons with 6 to 10 years of experience, who demonstrated superior performance(p<0.05),
especially in depth-targeted tasks. Fig 13 compiles data on economy of movement and motion
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Fig 9. Composite figure illustrating the effects of visual magnification on surgical performance.This figure compares 1x and 10x visual magnifications, showcasing
their impact on motion path length, economy of movement, motion path accuracy, precision, and smoothness across various surgical tasks and target locations.

https://doi.org/10.1371/journal.pone.0318660.g009

path length across experience levels, showing clear trends that emphasize the advantages of
moderate experience levels in surgical precision and efficiency.

Lifestyle factors
Sleeping hours per day. Investigations into the effects of sleep duration on surgical per-

formance were conducted by comparing two groups: those who slept for 4 to 6 hours and
those who slept for 6 to 8 hours nightly. Analysis revealed no significant differences in per-
formance metrics between these groups, suggesting that minor variations in sleep duration
within this range do not critically affect surgical capabilities. Fig 14 illustrates these results,
showing that the performance in terms of motion path length, economy of movement, accu-
racy, precision, smoothness, and endpoint metrics remained consistent across both sleep
groups.

Coffee consumption per day. This analysis investigates the influence of coffee consump-
tion on surgical performance. The data reveals no significant impact on motion path length
among surgeons with varying daily coffee intakes, as observed during procedures in all tar-
get locations. The detailed performance metrics by coffee consumption groups are illustrated
in Fig 15, showing comparisons across the groups for metrics such as motion path length,
economy of movement, and accuracy.

Despite the general lack of statistically significant differences, subtle variations in perfor-
mance were noted. For instance, surgeons who consumed no coffee displayed slightly better
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Fig 10. Composite figure illustrating the effects of visual magnification on surgical performance.This figure compares 1x and 10x visual magnifications,
demonstrating their impact on motion path length, economy of movement, and motion path precision across different target locations.

https://doi.org/10.1371/journal.pone.0318660.g010

economy of movement, although these differences were not statistically significant when
compared with other groups. Similarly, surgeons consuming three to four cups of coffee daily
exhibited some deviations in motion path accuracy, particularly in horizontal target locations,
suggesting that higher caffeine intake might affect precision negatively.

In terms of precision, there was a notable difference in the performance of surgeons who
consumed three to four cups of coffee daily—they exhibited less precision in motion path
compared to those consuming less coffee, particularly in horizontal target locations. This sug-
gests that while coffee consumption does not broadly impact surgical performance, excessive
intake could potentially impair specific aspects of surgical precision.

Video game exposure. The relationship between video game exposure and surgical per-
formance was explored, with findings suggesting that surgeons with experience in video
games exhibited enhanced performance metrics, especially in tasks requiring precision and
accuracy in vertical target locations. Fig 16 displays these advantages, where significant
improvements are evident in motion path length, economy of movement, and other perfor-
mance metrics for surgeons with video game experience, compared to those without such
exposure.

Discussion
This study investigated the impact of controlled experimental factors and human factors,
including lifestyle influences, on surgical performance using virtual reality simulations. The
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Fig 11. Comparison of surgical performance between dominant and non-dominant hands.

https://doi.org/10.1371/journal.pone.0318660.g011

findings offer critical insights into optimizing surgical training protocols by highlighting key
areas that influence surgical dexterity.

Controlled experimental factors
Posture. Our results demonstrated that a seated posture significantly enhanced endpoint

accuracy and precision during surgical tasks. This improvement is likely due to reduced
fatigue and discomfort, suggesting that ergonomic considerations in surgical settings can
lead to better performance outcomes. These findings align with previous studies emphasiz-
ing the benefits of sitting during surgical procedures. For instance, Wauben et al. (2006) [22]
reported that surgeons experienced less physical discomfort and improved task performance
when seated during laparoscopic surgery. Similarly, Hemal et al. (2001) [23] found that sitting
improved the surgeon’s dexterity and reduced fatigue in laparoscopic procedures.

Our study reinforces the importance of ergonomic optimization in surgical environments,
suggesting that adopting a seated posture can enhance precision and reduce physical strain,
ultimately improving surgical outcomes.

Handedness. Surgeons often perform laparoscopic tasks more efficiently with their
dominant hand, highlighting the necessity of improving non-dominant hand skills through
targeted training. For example, Middleton et al. (2013) [24] found that participants who
engaged in Nintendo Wii gaming demonstrated improved non-dominant hand performance
on a laparoscopic virtual reality simulator. The study revealed significant enhancements in
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Fig 12. Comprehensive comparison of various performance metrics among different surgical specialties.Themetrics include motion path length, economy of
movement, motion path accuracy, precision, and smoothness, highlighting significant differences observed particularly in oral and maxillofacial surgery.

https://doi.org/10.1371/journal.pone.0318660.g012

non-dominant hand-eye coordination (p = 0.04) and the economic movement of the left
hand during bimanual grasping tasks (p = 0.05). These findings underscore the importance of
developing ambidextrous skills, which are critical in minimally invasive surgery where precise
bimanual coordination is essential.

Adaptive training strategies that focus on developing proficiency in both hands could mit-
igate the performance gap between dominant and non-dominant hands. Studies by Molinas
et al. (2017) [25] have shown that pre-training in hand-eye coordination with both dominant
and non-dominant hands significantly shortens the learning curve for complex laparoscopic
tasks, such as intra-corporeal knot tying. Our findings support the incorporation of ambidex-
trous training modules in surgical education programs to enhance bilateral proficiency.

Visual magnification.The use of 10x visual magnification in our study demonstrated
improvements in visibility and detail recognition, critical for the precision required in com-
plex surgical procedures. These findings support the integration of advanced visual tech-
nologies in surgical practice. Similar results were reported by Safwat et al. (2009) [26], who
found that magnification up to ×10 is critical for accurate micromanipulations, enhancing
fine motor skills and reducing errors in microsurgical tasks.

Moreover, visual magnification devices can decrease physical strain on surgeons by allow-
ing a more natural posture, thereby combining ergonomic benefits with enhanced visual
acuity. The integration of high-definition imaging and magnification technologies should be
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Fig 13. Analysis of surgical performance across different years of experience, emphasizing depth-targeted tasks.This figure integrates data on economy of movement
and motion path length, showing enhanced performance in surgeons with 6 to 10 years of experience.

https://doi.org/10.1371/journal.pone.0318660.g013

considered essential components in modern surgical training and practice, as they contribute
to improved surgical outcomes and reduced practitioner fatigue.

Human factors
Specialty. Our analysis revealed distinct differences in performance based on surgical spe-

cialty. Surgeons from various specialties demonstrated varying levels of performance, particu-
larly in motion path length and economy of movement. These variations suggest that training
programs tailored to the unique demands of each surgical specialty could be highly beneficial
in enhancing overall surgical proficiency.

This is supported by the work of Grantcharov et al. (2004) [27], who found that specialty-
specific training improved skill acquisition and retention in laparoscopic procedures. Tailor-
ing training to address the specific challenges and skill requirements of each specialty may
enhance learning efficiency and surgical outcomes. Our study emphasizes the importance of
customized training curricula that reflect the procedural nuances and dexterity requirements
of different surgical fields.

Experience. In terms of experience, surgeons with 6 to 10 years of practice exhibited
superior performance in specific tasks, highlighting the role of moderate experience in opti-
mizing surgical dexterity. This finding aligns with the concept that accumulated experience
and continued practice are critical for skill mastery.
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Fig 14. Effects of sleep duration on various performance metrics across different target locations, comparing groups with 4 to 6 hours and 6 to 8 hours of sleep.
Metrics include motion path length, economy of movement, accuracy, precision, smoothness, and endpoint metrics.

https://doi.org/10.1371/journal.pone.0318660.g014

Continuous professional development is essential for maintaining high levels of profi-
ciency. Our findings advocate for the implementation of lifelong learning initiatives and reg-
ular skills assessments to ensure that surgeons remain adept with evolving surgical techniques
and technologies.

Lifestyle factors
Sleep duration.The analysis of lifestyle factors revealed that within the range of 4 to 8

hours of sleep, surgeons maintained their performance levels. This observation aligns with the
notion that medical professionals often adapt to varying sleep schedules due to the demands
of their profession. However, it underscores the importance of adequate rest for maintaining
optimal performance.

Caffeine consumption. Caffeine consumption showed nuanced effects on surgical dex-
terity. Surgeons who consumed minimal amounts of caffeine exhibited improved motion
precision and smoothness. Moderate caffeine consumption is known to improve alertness
and cognitive function [28], which may translate into better surgical performance. Our find-
ings support a balanced approach to caffeine consumption among surgeons, advocating for
moderation to maximize benefits while minimizing adverse effects.

Video game exposure. Additionally, surgeons with video game experience demon-
strated superior performance in metrics associated with dexterity and coordination, likely
reflecting the dynamics and interactive skills cultivated through gaming. This is consistent
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Fig 15. Effects of coffee consumption on surgical performance metrics, aggregating data across various coffee consumption levels and target locations. Differences
in performance metrics such as motion path length, economy of movement, and accuracy are highlighted among groups consuming different amounts of coffee daily.

https://doi.org/10.1371/journal.pone.0318660.g015

with previous research by Schlickum et al. (2009) [29], who found that video game experience
correlated with better laparoscopic surgical skills.

The skills developed through video gaming, such as hand-eye coordination, spatial aware-
ness, and rapid decision-making, are transferable to surgical tasks. Incorporating video game-
based training modules or serious gaming approaches into surgical education may enhance
skill acquisition and proficiency, particularly in younger surgeons who are more accustomed
to digital interfaces. Our study highlights the potential of leveraging interactive technologies
to enrich surgical training programs.

Implications for surgical training
These findings underscore the complexity of factors that influence surgical performance and
highlight the need for a comprehensive approach to training that considers ergonomic set-
tings, lifestyle factors, innovative educational tools, and individual surgeon characteristics.
Virtual reality simulations offer a unique platform to integrate these elements, providing a
controlled environment for surgeons to practice and refine their skills.

Future research should expand these observations with a more diverse cohort to general-
ize these findings and optimize training strategies further. The development of personalized
training programs that adapt to the specific needs and backgrounds of individual surgeons
could enhance the effectiveness of surgical education, ultimately improving patient outcomes.
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Fig 16. Comparative analysis of the impact of video game exposure on surgical performance, showing metrics such as motion path length, economy of movement,
accuracy, precision, smoothness, and endpoint metrics across different target locations for surgeons with and without video game experience.

https://doi.org/10.1371/journal.pone.0318660.g016

Evaluation of practicality, feasibility, and usefulness
This study demonstrates the practicality and feasibility of using virtual reality (VR) simula-
tions to assess and enhance surgical dexterity. The quantitative metrics we developed pro-
vide an objective means of measurement that can be directly integrated into surgical train-
ing programs. By employing VR technology, surgeons can practice and refine their skills in a
controlled, replicable, and safe environment without risking patient safety.

The usefulness of this approach is evident in its adaptability across different surgical spe-
cialties. By adjusting variables such as posture, handedness, and visual magnification, train-
ing can be tailored to address the specific needs of various surgical fields. For instance, our
findings indicate that training with enhanced visual magnification significantly improves
performance metrics in specialties requiring microsurgical skills.

When comparing our results with similar studies within the same or different specialties,
the positive impact of VR stimulation on surgical performance is consistently observed. For
example, Sutherland et al. [4] highlighted the effectiveness of VR simulations in neurosurgi-
cal training, demonstrating improved surgical precision and a shortened learning curve. Our
findings align with these results, suggesting that VR-based training can universally enhance
surgical dexterity across specialties.

Moreover, as VR technology becomes more accessible and cost-effective, the feasibility of
implementing it into surgical training is strengthened. Institutions can integrate these tools
into existing curricula, providing trainees with ample opportunities to develop and assess
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their skills. This approach addresses the limitations of traditional training methods by offering
standardized, objective assessments and immediate feedback.

Conclusions
This study provides a robust framework for evaluating and enhancing surgical dexterity
through virtual reality (VR) simulations. The key findings and their implications are summa-
rized as follows:

• Postural impact: Adopting a seated posture during surgeries minimizes fatigue and
enhances surgical accuracy and precision. This emphasizes the importance of ergonomic
considerations in surgical practice to improve performance outcomes.

• Dominance in handedness:The performance differences observed between dominant and
non-dominant hands highlight the necessity for training programs and technological aids
that aim to balance surgical dexterity. Developing ambidextrous skills is crucial for complex
procedures requiring high levels of coordination.

• Visual magnification: Utilizing high-definition visual magnification significantly improves
surgical outcomes by enhancing accuracy, precision, and economy of movement. This
underscores the value of integrating advanced visual technologies into surgical training and
practice.

• Experience level: Surgeons with 6 to 10 years of experience demonstrated superior per-
formance in specific tasks, underscoring the importance of accumulated experience and
continuous practice in optimizing surgical dexterity. Targeted training during this critical
period could further enhance skill development.

• Influence of lifestyle factors: Contrary to expectations, lifestyle factors such as sleep pat-
terns and coffee consumption had minimal impact on surgical performance within the
ranges studied. This suggests that while overall health is important, these specific factors
may not significantly affect surgical dexterity in controlled settings.

• Video game exposure: A positive correlation was observed between video game expo-
sure and enhanced surgical performance, particularly in terms of motion path length and
economy of movement. This supports the potential inclusion of video game-like training
simulations in surgical education to develop hand-eye coordination and spatial awareness.

The implications of this study are significant for surgical training programs. Incorporat-
ing VR simulations that closely mimic actual surgical settings can provide surgeons with a
safe and controlled environment to practice and refine their skills. These simulations can
be designed to allow variable control over factors such as posture, visual magnification, and
handedness, facilitating personalized training that addresses individual needs and specialty
requirements.

Given the adaptability of VR technology and the increasing availability of advanced sim-
ulation platforms, integrating VR into surgical education is both practical and highly feasi-
ble. By comparing our results with similar studies in different specialties, such as the work by
Sutherland et al. [4] demonstrating improved precision and shortened learning curves in neu-
rosurgical training, we reinforce the universal applicability of VR simulations in enhancing
surgical performance across various fields. This emphasizes the potential for VR technology
to become a core component of surgical training programs, ultimately improving patient care
and surgical outcomes.

Future research should expand on these findings by including larger and more diverse
participant groups to validate and generalize the observed effects globally. Longitudinal
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studies exploring skill retention and the transfer of simulation-trained skills to clinical prac-
tice could provide deeper insights into the progression of surgical expertise. Additionally,
expanding the scope to encompass a wider range of surgical tasks and specialties will further
validate the effectiveness of this training modality.

In conclusion, this study validates the practicality, feasibility, and usefulness of VR sim-
ulations as valuable tools in surgical training. The established quantitative metrics not only
provide an objective assessment of surgical dexterity but also promote personalized train-
ing approaches that can adapt to individual surgeons’ needs and specialty requirements. By
enhancing surgical performance through targeted training and technological integration, we
aim to ultimately improve patient outcomes and advance the field of surgical education and
practice.
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