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ABSTRACT 
Aim: This study aimed to evaluate the physiological correlates of cognitive load in laparoscopic surgery by assessing heart 
rate (HR), heart rate variability (HRV), pupil dilation, galvanic skin response (GSR), and electroencephalography (EEG) 
activity among surgeons with varying experience levels. Materials and Methods: A prospective observational study was 
conducted on 100 laparoscopic surgeons, categorized into novice (n=35), intermediate (n=40), and expert (n=25) groups 
based on their surgical experience. Participants performed standardized laparoscopic tasks in a controlled environment while 
physiological parameters were continuously recorded. HR and HRV were measured using ECG devices, pupil dilation with 

an eye tracker, GSR with skin conductance sensors, and EEG with a portable system. The NASA Task Load Index (NASA-
TLX) was used to assess perceived workload, while surgical performance was evaluated using the Global Operative 
Assessment of Laparoscopic Skills (GOALS). Results: Novices exhibited significantly higher HR (110.4 ± 10.1 bpm vs. 
92.1 ± 7.5 bpm, p < 0.001), lower HRV (RMSSD: 32.1 ± 8.2 ms vs. 45.7 ± 6.9 ms, p < 0.05), increased pupil dilation (6.2 ± 
0.8 mm vs. 4.9 ± 0.5 mm, p < 0.001), and elevated GSR (2.5 ± 0.5 μS vs. 1.2 ± 0.3 μS, p < 0.001) compared to experts. EEG 
analysis revealed higher frontal theta power (4.5 ± 1.2 µV² vs. 3.2 ± 0.9 µV², p < 0.01) and lower alpha power (2.1 ± 0.9 µV² 
vs. 3.1 ± 0.7 µV², p < 0.05) in novices, indicating increased cognitive effort. Subjective workload (NASA-TLX) was 
significantly higher in novices (72.3 ± 8.5 vs. 47.2 ± 6.4, p < 0.001), while experts achieved better GOALS scores and 

shorter task completion times. Strong correlations were observed between NASA-TLX and physiological markers such as 
HR increase (r = 0.72, p < 0.001), pupil dilation (r = 0.65, p < 0.001), and GSR (r = 0.59, p < 0.01). Conclusion: Novice 
surgeons exhibit higher cognitive load, greater physiological stress responses, and lower surgical efficiency than experienced 
surgeons. These findings highlight the potential of real-time physiological monitoring to assess cognitive load during 
surgical training. Integrating stress management and cognitive training techniques could enhance skill acquisition and 
optimize performance in laparoscopic surgery. 
Keywords: Cognitive load, laparoscopic surgery, heart rate variability, electroencephalography, surgical performance. 
This is an open access journal, and articles are distributed under the terms of the Creative Commons Attribution‑Non 

Commercial‑Share Alike 4.0 License, which allows others to remix, tweak, and build upon the work non‑commercially, as 
long as appropriate credit is given and the new creations are licensed under the identical terms. 

 

INTRODUCTION 
Laparoscopic surgery, often referred to as minimally 

invasive surgery, has revolutionized the field of 

surgery by offering reduced recovery times, 

minimized post-operative pain, and decreased risk of 

infection compared to open procedures. However, this 

advancement also presents unique challenges to 

surgeons, primarily in the form of increased cognitive 

load. Unlike traditional open surgery, laparoscopic 

procedures require indirect visualization of the 

surgical field through a two-dimensional monitor, 

reliance on specialized instruments with restricted 

degrees of freedom, and the ability to operate within a 
constrained space. These demands significantly 

increase the cognitive burden on the surgeon, 

necessitating precise hand-eye coordination, spatial 

awareness, and sustained attention over prolonged 

periods.1Cognitive load in laparoscopic surgery arises 
from multiple factors, including task complexity, 

surgeon expertise, time constraints, and unexpected 

intraoperative complications. It affects performance, 

decision-making, and overall surgical outcomes. 

Excessive cognitive load can lead to errors, fatigue, 

and slower response times, all of which pose risks to 

patient safety. As a result, understanding and 

quantifying cognitive load in laparoscopic surgery has 

become a crucial area of research, with a focus on 

identifying reliable physiological markers that reflect 

the surgeon’s mental workload in real-time. 

Physiological correlates of cognitive load refer to 
measurable bodily responses that occur as a result of 

increased mental effort. These responses are rooted in 

the autonomic nervous system, which regulates 

involuntary functions such as heart rate, respiration, 
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and pupil dilation. During cognitively demanding 

tasks, the body exhibits specific physiological changes 

that can be monitored to assess workload. In the 

context of laparoscopic surgery, various physiological 

indicators have been explored to provide objective 
measures of cognitive load, offering insights into how 

surgeons adapt to demanding scenarios and how 

training protocols can be optimized.2Heart rate and 

heart rate variability (HRV) are among the most 

commonly studied physiological measures in surgical 

research. An increase in heart rate is often associated 

with heightened mental effort and stress, whereas 

HRV, which reflects the balance between sympathetic 

and parasympathetic nervous system activity, tends to 

decrease under high cognitive load conditions. A 

lower HRV indicates reduced adaptability to stress 

and can be a sign of excessive workload, leading to 
cognitive fatigue and impaired performance.Pupil 

dilation is another reliable indicator of cognitive load. 

The pupillary response is controlled by the autonomic 

nervous system and has been shown to correlate with 

task difficulty and mental effort. When cognitive 

demand increases, the pupils dilate due to heightened 

sympathetic nervous system activity. This response 

provides a non-intrusive and continuous measure of 

cognitive load, allowing researchers to assess 

fluctuations in workload during different phases of 

laparoscopic procedures.3Electroencephalography 
(EEG) has also emerged as a powerful tool for 

evaluating cognitive load in surgical settings. By 

measuring electrical activity in the brain, EEG can 

reveal patterns associated with mental workload, 

fatigue, and attentional states. Certain frequency 

bands, such as increased theta power in the frontal 

cortex, are linked to higher cognitive load, while 

changes in alpha and beta wave activity can indicate 

varying levels of attention and stress. EEG has the 

advantage of providing real-time feedback, making it 

a valuable tool for assessing surgeon performance and 

training effectiveness.Galvanic skin response (GSR), 
or skin conductance, is another physiological marker 

used to measure cognitive load. It reflects changes in 

sweat gland activity, which is modulated by the 

sympathetic nervous system. During high-stress and 

high-cognitive-load situations, GSR levels tend to 

rise, indicating an increase in autonomic arousal. This 

method has been used to assess mental effort in 

various domains, including surgical simulation and 

real-time procedures.4 Respiratory patterns also 

provide insight into cognitive load. Studies have 

shown that breathing rate and variability change in 
response to mental workload. Shallow and irregular 

breathing may indicate stress and high cognitive 

demand, while controlled and rhythmic breathing 

patterns are often associated with lower cognitive 

load. Monitoring respiratory activity can help identify 

moments of peak workload and stress, potentially 

allowing for interventions that improve surgeon 

performance and well-being.The integration of 

physiological measures into surgical training and 

performance assessment holds significant promise for 

improving patient outcomes. By objectively 

quantifying cognitive load, training programs can be 

tailored to optimize skill acquisition while minimizing 

mental fatigue. Surgeons can receive real-time 
feedback on their workload levels, allowing them to 

adjust strategies and develop better coping 

mechanisms. Additionally, the use of physiological 

markers can help identify individuals at risk of 

cognitive overload, ensuring that they receive 

appropriate support and intervention.5As laparoscopic 

surgery continues to evolve with advancements in 

robotic-assisted techniques and augmented reality, 

understanding the physiological correlates of 

cognitive load becomes increasingly important. The 

ability to monitor and manage cognitive load in real 

time will play a crucial role in enhancing surgical 
precision, reducing errors, and improving overall 

efficiency in the operating room. Future research 

should focus on refining these physiological 

measurement techniques, integrating them into 

surgical training programs, and developing adaptive 

systems that assist surgeons in maintaining optimal 

performance under varying levels of cognitive 

demand.6 The study of physiological correlates of 

cognitive load in laparoscopic surgery is essential for 

advancing surgical education, improving 

intraoperative performance, and ensuring patient 
safety. By leveraging objective physiological 

indicators such as heart rate, pupil dilation, EEG 

activity, GSR, and respiratory patterns, researchers 

and clinicians can gain deeper insights into the 

cognitive challenges faced by surgeons.  

 

MATERIALS AND METHODS 
This study was a prospective observational study 

conducted to assess the physiological correlates of 

cognitive load in laparoscopic surgery. The research 

was approved by the institutional ethics committee, 

and informed consent was obtained from all 
participants prior to enrollment. 

A total of 100 surgeons performing laparoscopic 

procedures were recruited for this study. The 

inclusion criteria required participants to be licensed 

surgeons with at least one year of experience in 

laparoscopic surgery, have no history of neurological 

or cardiovascular disorders, and be willing to 

participate with informed consent. The surgeons were 

stratified into three experience levels: the novice 

group (1–100 laparoscopic procedures), the 

intermediate group (101–500 laparoscopic 
procedures), and the expert group (>500 laparoscopic 

procedures). 

Participants performed a standardized laparoscopic 

task in a simulated or clinical operating room 

environment. The task included suturing, knot tying, 

and tissue dissection, performed under normal 

operating conditions. To assess cognitive load, the 

task was divided into three phases: the Baseline 

Phase, where participants rested for 5 minutes before 
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beginning the procedure; the Task Performance Phase, 

where participants performed the laparoscopic task; 

and the Post-task Phase, where participants rested for 

5 minutes after completing the procedure. 

The physiological parameters continuously recorded 
during the procedure included heart rate (HR) and 

heart rate variability (HRV), pupil dilation, galvanic 

skin response (GSR), and electroencephalography 

(EEG). HR and HRV were measured using a wearable 

electrocardiogram (ECG) device, with HRV analysis 

including time-domain measures such as RMSSD and 

SDNN, as well as frequency-domain measures like 

the LF/HF ratio. Pupil dilation was assessed using an 

eye-tracking device to measure changes in pupil size, 

which serves as an indicator of cognitive load. GSR 

was measured using skin conductance sensors placed 

on the fingers to assess sympathetic nervous system 
activity. EEG data were recorded using a portable 

EEG device, focusing on changes in frontal theta and 

alpha power as markers of cognitive load. 

In addition to physiological measures, subjective 

workload assessments were conducted. The NASA 

Task Load Index (NASA-TLX) was administered 

immediately after the task to assess perceived 

cognitive workload. Furthermore, surgical 

performance was evaluated using the Global 

Operative Assessment of Laparoscopic Skills 

(GOALS), rated by an independent evaluator. 
Statistical analyses were conducted using SPSS v26.0. 

Data normality was tested using the Shapiro-Wilk 

test. Differences in physiological responses across 

experience levels were analyzed using repeated-

measures ANOVA. Correlations between 

physiological measures and subjective workload 

scores were determined using Pearson’s correlation 

coefficient. A p-value of <0.05 was considered 

statistically significant. 

 

RESULTS  

Demographic and Experience Level Distribution 
The study included 100 laparoscopic surgeons, 

categorized into novice (n=35), intermediate (n=40), 

and expert (n=25) groups based on their surgical 

experience. The mean age increased progressively 

with experience, from 32.5 ± 4.2 years in novices to 

45.2 ± 6.3 years in experts. There was a higher 

percentage of male surgeons across all groups, with 

the proportion increasing from 68.6% in novices to 

78.4% in experts. The mean surgery time significantly 

decreased with increasing experience, from 52.1 ± 8.5 

minutes in novices to 38.9 ± 5.7 minutes in experts, 
reflecting improved efficiency. Additionally, the 

complication rate was highest in novices (12.5%) and 

lowest in experts (3.1%), indicating a direct 

relationship between experience and surgical 

proficiency. 

 

Heart Rate and HRV Across Experience Levels 

Heart rate (HR) and heart rate variability (HRV) were 

key indicators of physiological stress. Baseline HR 

was highest in novices (78.2 ± 5.3 bpm) and 

progressively lower in intermediates (74.5 ± 4.9 bpm) 

and experts (70.3 ± 4.2 bpm), with a significant 

difference (p < 0.001). During the task performance 

phase, HR increased in all groups, but novices 
exhibited the highest task-related HR (110.4 ± 10.1 

bpm), indicating greater physiological stress, while 

experts had the lowest (92.1 ± 7.5 bpm). Post-task HR 

remained elevated in novices (85.3 ± 6.7 bpm) 

compared to experts (76.1 ± 5.2 bpm, p < 0.01), 

suggesting slower physiological recovery.HRV, an 

indicator of autonomic regulation, was significantly 

lower in novices compared to experts. RMSSD and 

SDNN, measures of HRV, were lowest in novices 

(32.1 ± 8.2 ms and 45.6 ± 9.3 ms, respectively) and 

highest in experts (45.7 ± 6.9 ms and 56.8 ± 7.5 ms, p 

< 0.05). A lower LF/HF ratio in experts (1.7 ± 0.6) 
compared to novices (2.5 ± 0.8, p < 0.05) indicated 

better parasympathetic balance and lower 

physiological stress. Mean blood pressure (BP) also 

showed a decreasing trend with experience, with 

novices averaging 122/82 mmHg compared to 115/77 

mmHg in experts, further supporting lower stress 

levels in experienced surgeons. 

  

Pupil Dilation and Galvanic Skin Response (GSR) 

Pupil dilation, a marker of cognitive load, was 

significantly higher in novices (6.2 ± 0.8 mm) 
compared to experts (4.9 ± 0.5 mm, p < 0.001), 

indicating greater mental effort. Similarly, GSR, a 

measure of sympathetic nervous system activity, was 

highest in novices (2.5 ± 0.5 μS) and lowest in experts 

(1.2 ± 0.3 μS, p < 0.001), confirming that novices 

experienced more stress.Additional physiological 

indicators further supported these findings. Skin 

temperature was lowest in novices (35.4 ± 0.6°C) and 

highest in experts (36.1 ± 0.4°C, p < 0.05), as stress-

induced vasoconstriction often leads to lower 

peripheral skin temperature. Respiratory rate was also 

highest in novices (21.3 ± 3.1 breaths/min) and lowest 
in experts (18.2 ± 2.5 breaths/min, p < 0.05), 

indicating better autonomic control in experienced 

surgeons. 

 

EEG Power Spectral Analysis 

EEG analysis focused on frontal theta and alpha 

power, which are linked to cognitive workload and 

mental effort. Frontal theta power was highest in 

novices (4.5 ± 1.2 µV²) and lowest in experts (3.2 ± 

0.9 µV², p < 0.01), suggesting that novices exerted 

greater mental effort. Frontal alpha power, associated 
with cognitive efficiency, was significantly lower in 

novices (2.1 ± 0.9 µV²) and highest in experts (3.1 ± 

0.7 µV², p < 0.05), reflecting better attentional 

control.Additional EEG parameters supported these 

trends. Beta power, linked to focus and active 

cognitive processing, was highest in experts (2.6 ± 0.5 

µV²) and lowest in novices (1.8 ± 0.7 µV², p < 0.05), 

indicating better task-related engagement. Similarly, 

gamma power, associated with problem-solving and 
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expertise, was significantly higher in experts (1.3 ± 

0.3 µV²) compared to novices (0.9 ± 0.3 µV², p < 

0.05). 

 

Subjective Cognitive Load and Performance 

Scores 

The NASA Task Load Index (NASA-TLX), which 

measures perceived workload, was significantly 

higher in novices (72.3 ± 8.5) than in experts (47.2 ± 

6.4, p < 0.001), confirming that less experienced 

surgeons found the procedure more mentally 

demanding. Conversely, surgical performance scores 

(GOALS) were highest in experts (22.1 ± 3.8) and 

lowest in novices (14.2 ± 3.6, p < 0.001).Other 

performance-related measures aligned with these 

findings. Surgical precision scores (scale 1-10) were 

lowest in novices (6.5 ± 1.1) and highest in experts 
(8.9 ± 0.9, p < 0.01), indicating superior fine motor 

skills and control in experts. Task completion time 

was also significantly shorter in experts (39.1 ± 5.7 

min) than in novices (53.2 ± 7.4 min, p < 0.001), 

reflecting increased efficiency. 

 

Correlation Between Physiological Measures and 

NASA-TLX Score 
A strong positive correlation was found between 

NASA-TLX and HR increase (r = 0.72, p < 0.001), 

indicating that higher cognitive workload was 

associated with greater cardiac stress. Pupil dilation (r 

= 0.65, p < 0.001) and GSR (r = 0.59, p < 0.01) also 

correlated positively with perceived workload, further 

supporting that physiological arousal reflects mental 

strain.Conversely, skin temperature correlated 

negatively with NASA-TLX (r = -0.41, p < 0.05), 

suggesting that increased workload was associated 

with peripheral vasoconstriction and stress responses. 

Respiratory rate (r = 0.48, p < 0.05) showed a 
moderate correlation, implying that breathing patterns 

also reflected cognitive demands. 

 

Table 1: Demographic and Experience Level Distribution 

Experience Level Number of 

Participants 

Mean Age 

(years) ± SD 

Male 

(%) 

Female 

(%) 

Mean Surgery 

Time (min) ± SD 

Complication 

Rate (%) 

Novice (1-100 cases) 35 32.5 ± 4.2 68.6 31.4 52.1 ± 8.5 12.5 

Intermediate (101-

500 cases) 

40 38.1 ± 5.1 72.5 27.5 45.7 ± 6.2 7.2 

Expert (>500 cases) 25 45.2 ± 6.3 78.4 21.6 38.9 ± 5.7 3.1 

 

Table 2: Heart Rate and HRV Across Experience Levels 

Parameter Novice 

(Mean ± SD) 

Intermediate 

(Mean ± SD) 

Expert 

(Mean ± SD) 

p-value 

Baseline HR (bpm) 78.2 ± 5.3 74.5 ± 4.9 70.3 ± 4.2 <0.001 

Task HR (bpm) 110.4 ± 10.1 98.7 ± 8.6 92.1 ± 7.5 <0.001 

Post-task HR (bpm) 85.3 ± 6.7 79.2 ± 5.8 76.1 ± 5.2 <0.01 

HRV (RMSSD, ms) 32.1 ± 8.2 39.5 ± 7.6 45.7 ± 6.9 <0.05 

HRV (SDNN, ms) 45.6 ± 9.3 50.3 ± 8.1 56.8 ± 7.5 <0.05 

LF/HF Ratio 2.5 ± 0.8 2.0 ± 0.7 1.7 ± 0.6 <0.05 

Mean BP (mmHg) 122/82 118/79 115/77 <0.05 

 

Table 3: Pupil Dilation and GSR During Task Performance 

Parameter Novice 

(Mean ± SD) 

Intermediate 

(Mean ± SD) 

Expert 

(Mean ± SD) 

p-value 

Pupil Dilation (mm) 6.2 ± 0.8 5.4 ± 0.6 4.9 ± 0.5 <0.001 

GSR (μS) 2.5 ± 0.5 1.8 ± 0.4 1.2 ± 0.3 <0.001 

Skin Temperature (°C) 35.4 ± 0.6 35.7 ± 0.5 36.1 ± 0.4 <0.05 

Respiratory Rate (breaths/min) 21.3 ± 3.1 19.8 ± 2.7 18.2 ± 2.5 <0.05 

 

Table 4: EEG Power Spectral Analysis (Frontal Theta & Alpha Power) 

Parameter Novice 

(Mean ± SD) 

Intermediate 

(Mean ± SD) 

Expert 

(Mean ± SD) 

p-value 

Frontal Theta (µV²) 4.5 ± 1.2 3.8 ± 1.0 3.2 ± 0.9 <0.01 

Frontal Alpha (µV²) 2.1 ± 0.9 2.6 ± 0.8 3.1 ± 0.7 <0.05 

Beta Power (µV²) 1.8 ± 0.7 2.2 ± 0.6 2.6 ± 0.5 <0.05 

Gamma Power (µV²) 0.9 ± 0.3 1.1 ± 0.4 1.3 ± 0.3 <0.05 
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Table 5: Subjective Cognitive Load and Performance Scores 

Parameter Novice 

(Mean ± SD) 

Intermediate 

(Mean ± SD) 

Expert 

(Mean ± SD) 

p-value 

NASA-TLX Score 72.3 ± 8.5 58.6 ± 7.9 47.2 ± 6.4 <0.001 

GOALS Score 14.2 ± 3.6 18.5 ± 4.2 22.1 ± 3.8 <0.001 

Surgical Precision (scale 1-10) 6.5 ± 1.1 7.8 ± 1.0 8.9 ± 0.9 <0.01 

Task Completion Time (min) 53.2 ± 7.4 46.5 ± 6.1 39.1 ± 5.7 <0.001 

 

Table 6: Correlation Between Physiological Measures and NASA-TLX Score 

Physiological Measure Correlation with NASA-TLX (r) p-value 

HR Increase 0.72 <0.001 

Pupil Dilation 0.65 <0.001 

GSR 0.59 <0.01 

Frontal Theta Power 0.53 <0.05 

Respiratory Rate 0.48 <0.05 

Skin Temperature -0.41 <0.05 

 

DISCUSSION 

The findings of this study highlight key physiological 
and cognitive differences among novice, intermediate, 

and expert laparoscopic surgeons. The variations in 

heart rate (HR), heart rate variability (HRV), pupil 

dilation, galvanic skin response (GSR), and 

electroencephalography (EEG) activity provide 

valuable insights into the cognitive load experienced 

during laparoscopic procedures.  

The decreasing trend in surgery time and complication 

rates with increasing experience aligns with previous 

studies demonstrating that experienced surgeons 

operate more efficiently and with greater precision 
(Madani et al., 2017).5 The higher complication rates 

in novices (12.5%) compared to experts (3.1%) are 

similar to findings from surgical proficiency studies, 

where inexperience was associated with higher 

intraoperative errors (McCulloch et al., 2019).6 

Additionally, the higher proportion of male surgeons 

across all experience levels is consistent with trends 

observed in surgical specialties worldwide, which 

may reflect gender disparities in surgical training 

pathways (Greenberg et al., 2020).7 

The significantly higher task-related HR in novices 
(110.4 ± 10.1 bpm) compared to experts (92.1 ± 7.5 

bpm, p < 0.001) indicates increased physiological 

stress. This pattern has been documented in other 

surgical workload studies, where less experienced 

surgeons exhibit greater autonomic arousal due to 

heightened cognitive effort and anxiety (Arora et al., 

2010).8 The HRV results (RMSSD and SDNN) 

further reinforce this, as lower values in novices 

suggest reduced vagal tone and autonomic flexibility, 

indicative of stress-related sympathetic dominance. 

Similar findings have been reported in studies 

examining HRV as a biomarker of surgical stress, 
where lower HRV correlated with increased cognitive 

workload and reduced adaptive responses (Anton et 

al., 2019).9 

Interestingly, while mean BP showed a decreasing 

trend with experience, the differences were not as 

pronounced as HR and HRV. This suggests that while 

HR and HRV are more immediate and sensitive 

indicators of cognitive stress, BP changes may be 

influenced by other compensatory mechanisms, such 
as baroreceptor reflexes and long-term hemodynamic 

regulation (Wetzel et al., 2006).10 

The significantly larger pupil dilation in novices (6.2 

± 0.8 mm) compared to experts (4.9 ± 0.5 mm, p < 

0.001) suggests that increased cognitive effort is 

required in less experienced surgeons. This is 

consistent with prior research linking pupil dilation to 

working memory load and attentional demands 

(Einhäuser et al., 2010). Similarly, GSR was highest 

in novices (2.5 ± 0.5 μS), indicating greater 

sympathetic activation.11 This finding aligns with a 
study by Collet et al. (2019), which showed that skin 

conductance increases with task difficulty and 

cognitive stress in high-precision motor tasks.12 

A novel insight from our study is the relationship 

between skin temperature and respiratory rate. The 

higher respiratory rate in novices (21.3 ± 3.1 

breaths/min) compared to experts (18.2 ± 2.5 

breaths/min, p < 0.05) suggests that breathing 

irregularities may be linked to heightened cognitive 

demand. Previous studies have found that controlled 

breathing techniques can mitigate cognitive stress 
during surgery, which may explain why experts 

maintain a lower respiratory rate (Cheng et al., 

2021).13 

The elevated frontal theta power in novices (4.5 ± 1.2 

µV²) compared to experts (3.2 ± 0.9 µV², p < 0.01) 

suggests that novices require greater cognitive 

resources to process surgical tasks. Theta band 

activity has been linked to cognitive workload and 

attentional effort, particularly during learning and 

decision-making tasks (Cavanagh & Frank, 2014).14 

Experts exhibited higher frontal alpha power (3.1 ± 

0.7 µV², p < 0.05), which aligns with findings that 
alpha power increases with skill acquisition and 

efficiency in motor tasks (Gevins& Smith, 2003).15 

Additionally, higher beta and gamma power in experts 

suggests that cognitive-motor integration and sensory-

motor processing improve with experience. This 

supports existing theories that as tasks become 

automated with experience, brain activity shifts from 
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high theta activation (associated with active learning) 

to increased beta and gamma activity, indicating 

efficient task execution (Wang et al., 2018).16 

The higher NASA-TLX scores in novices (72.3 ± 8.5) 

compared to experts (47.2 ± 6.4, p < 0.001) highlight 
the subjective perception of increased workload 

among less experienced surgeons. Similar trends were 

reported by Wilson et al. (2018), where higher 

NASA-TLX scores correlated with increased 

physiological stress and impaired performance in 

simulated surgical environments.17 

In contrast, GOALS scores improved significantly 

with experience, supporting findings from a large-

scale study by Aggarwal et al. (2011), which 

demonstrated that structured training and experience 

significantly enhance laparoscopic skill performance. 

The shorter task completion time in experts (39.1 ± 
5.7 min) compared to novices (53.2 ± 7.4 min, p < 

0.001) reinforces the idea that cognitive and motor 

efficiency improve with expertise.18 

Our study found strong positive correlations between 

cognitive load (NASA-TLX) and physiological 

markers such as HR increase (r = 0.72, p < 0.001), 

pupil dilation (r = 0.65, p < 0.001), and GSR (r = 0.59, 

p < 0.01). This aligns with previous research showing 

that stress-related autonomic responses are closely 

tied to cognitive effort and workload perception 

(Friedl et al., 2015).19 
A noteworthy finding is the negative correlation 

between skin temperature and cognitive load (r = -

0.41, p < 0.05). This suggests that higher cognitive 

stress leads to vasoconstriction, reducing peripheral 

blood flow and skin temperature. This relationship has 

been observed in aviation and military studies, where 

thermal imaging of pilots under stress revealed 

significant decreases in facial skin temperature 

(Orasanu et al., 2012).20 

These findings have direct implications for surgical 

training and workload management. The ability to 

quantify cognitive load using physiological markers 
(HR, HRV, pupil dilation, EEG) provides objective 

metrics for evaluating trainee readiness. Real-time 

monitoring of physiological stress responses could 

enable adaptive training programs, allowing for 

customized learning strategies to optimize 

performance and reduce stress (Schneider et al., 

2020).21 

Future research should explore biofeedback 

techniques to mitigate cognitive stress in novice 

surgeons, such as controlled breathing exercises, 

mindfulness training, and real-time HRV biofeedback. 
Additionally, integrating machine learning algorithms 

to predict cognitive overload based on physiological 

responses could further enhance surgical training and 

patient safety (Zheng et al., 2021).22 

 

CONCLUSION 

This study highlights significant physiological and 

cognitive differences between novice, intermediate, 

and expert laparoscopic surgeons. Novices exhibited 

higher heart rate, lower HRV, increased pupil dilation, 

GSR, and frontal theta power, indicating greater 

cognitive load and stress. In contrast, experts 

demonstrated lower physiological stress, higher 

efficiency, and better task performance. The strong 
correlation between physiological markers and 

perceived workload underscores the potential for real-

time monitoring to optimize surgical training. These 

findings emphasize the importance of structured 

cognitive training and stress management strategies to 

enhance surgical proficiency and reduce performance-

related fatigue.  
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