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Abstract: Training in healthcare skills can be affected by trainees’ workload when completing a
task. Due to cognitive processing demands being negatively correlated to clinical performance,
assessing mental workload through objective measures is crucial. This study aimed to investigate
task-evoked changes in pupil size as reliable markers of mental workload and clinical performance.
A sample of 49 nursing students participated in a cardiac arrest simulation-based practice. Measure-
ments of cognitive demands (NASA-Task Load Index), physiological parameters (blood pressure,
oxygen saturation, and heart rate), and pupil responses (minimum, maximum, and difference diame-
ters) throughout revealed statistically significant differences according to performance scores. The
analysis of a multiple regression model produced a statistically significant pattern between pupil
diameter differences and heart rate, systolic blood pressure, workload, and performance (R2 = 0.280;
F (6, 41) = 2.660; p < 0.028; d = 2.042). Findings suggest that pupil variations are promising markers
to complement physiological metrics for predicting mental workload and clinical performance in
medical practice.

Keywords: pupil response; mental workload; clinical performance; emergency care; simulation practice

1. Introduction

Clinical competence, especially in emergency care, relies on demonstrating knowledge,
skills, behavior, and judgment in stressful situations [1,2]. Applying these factors in the
healthcare environment contributes to high-performance development while improving
patient safety and satisfaction, healthcare quality, and clinical outcomes.

Practitioners’ performance in emergency departments may decrease under time pres-
sure or mental effort [3–5]. Managing situations with patients in critical conditions may also
cause delayed response time, deviations from protocols [6], mental fatigue, and burnout in
health providers [3,4,7]. Thus, operators’ training in simulated scenarios is often used as a
reliable tool for measuring performance and confirming clinical competencies [8].

Improving a trainee’s performance is strongly associated with diminishing mental
workload [9]. To meet the demands of a challenging task, mental resources, or cognitive
load, may not be considered a burden that hampers performance [3,4,10]. Since cognitive
work overload can mitigate clinical performance under high-pressure situations [4], measur-
ing mental workload plays a pivotal role as an indicator of appropriate performance [3,11].
Therefore, monitoring cognitive load is essential to determine whether a demanding task
may exceed the trainee’s capacity resulting in limited learning and improvement.

Traditionally, mental workload measures rely on psychometric rating scales due to
their easy administration and sensitivity to determine task demand [12,13]. NASA-TLX
and 9-point Paas are the most used scales in simulation settings [14,15]. These instruments
provide subjective assessments of the mental effort motivated by the trainee’s thoughts and
feelings about a previous task. Although psychometric scales showing a strong correlation
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with mental effort are valuable tools for measuring work overload, their subjective nature
limits their application to simulated clinical environments [16].

Monitoring real-time changes in mental load requires the use of objective metrics such
as the psychophysiological response. In particular, complex cognitive tasks drive a response
in the sympathetic nervous system that triggers the elevation of vital signs (e.g., blood
pressure, heart and respiration rates, temperature, and galvanic skin response) [17–21].
Other variables such as anxiety, muscle fatigue, and pupil response are also associated with
the operator’s cognitive effort [3,4,22,23].

The pupillary reaction to the amount of surrounding illumination because of the
pupillary light reflex is well-known. However, arousal and changes in mental workload
also activate a pupillary response [22]. This response is controlled by the sympathetic
pathway of the autonomic nervous system, whereas the parasympathetic pathway regulates
the pupil light reflex [23]. When addressing cognitive demands, the control of emotions
may increase sympathetic activity to the detriment of the parasympathetic pupil’s light
reflex and emotional response [24–27]. Therefore, noradrenergic arousal can facilitate
cognitive control [27,28] by inducing changes in pupil size during the cognitive processing
of complex visual tasks [23,29–31]. According to the task difficulty, pupil diameter increases
in response to the mental workload and constricts as the processing load diminishes [32].

Hence, pupil dilation can be considered a reliable measure to evaluate mental work-
load and cognitive factors when solving a problem or completing a task. Previous works
have demonstrated the potential of pupillary responses for indirect measurement of the
cognitive load either in simulation-based or clinical settings [31]. Task-related cogni-
tive workload has been investigated by measuring it in robotic surgery, microsurgery,
laparoscopic training tasks as well as trauma resuscitation, catheterization, and medical
administration simulation practices [6,10,22,33–38].

Since appropriate performance indicators are needed to ensure good clinical practices,
monitoring pupillary responses can help to understand cognitive demands and mental
workload throughout simulation training. Examining pupil size variations in combination
with subjective psychometric measures of cognitive load will contribute to addressing
this knowledge gap. Therefore, this work aims to evaluate the correlation between task-
evoked pupil dilation, psychometrics, and the trainees’ performance during a cardiac arrest
simulation practice.

2. Materials and Methods
2.1. Participants and Study Design

Second-year undergraduate nursing students participated in the study. There were no
exclusion criteria beyond being part of the academic program. During the first four-month
period of the course, the students received theoretical and practical classes on basic and
advanced CPR maneuvers, learning about shockable rhythms and how to respond to
them. Participants practiced simulation training during the course, so they were familiar
with high-fidelity simulation mannequins, monitoring devices, and facilities. The sample
recruitment process was developed during the teaching period, offering participation in the
study during the classes, and providing an online form to access the training. Participation
was voluntary and included neither remuneration nor academic compensation. The Ethics
Committee of the University of León gave its approval to the study. All participants signed
written informed consent, following the indications of the Declaration of Helsinki. Data
confidentiality and participant anonymity were also guaranteed.

2.2. Data Collection

Participants performed the clinical training in a simulated scenario comprising a
cardiorespiratory arrest in which the cardiac rhythm corresponded to pulseless ventric-
ular tachycardia (Resusci Anne QCPR, Laerdal Medical, Stavanger, Norway). Subjects
participated individually without receiving any instruction during the study. Nursing
students were to apply advanced life support (assessment and stabilization of the victim,
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identification of the cardiac rhythm, and defibrillation of the patient) according to the
recommendations of the European Resuscitation Council.

Before performing the intervention, all participants completed a sociodemographic
questionnaire. Physiological parameters—peripheral temperature (HyWell SZHIT003,
Guangdong China), heart rate, systolic and diastolic blood pressure (Omron M6 Con-
fort IT, Kyoto, Japan), oxygen saturation (Beijing Choice Electronic Technology Co., Ltd.,
Beijing, China), and pupil size (Pupil Labs GmbH, Berlin, Germany)—were recorded at
the beginning and the end of the simulation practice. After finishing the task, the par-
ticipants completed the NASA workload questionnaire (NASA Task Load Index (NASA
TLX)) [15,39].

During the intervention, one of the investigators completed a 10-item checklist Scoring
ranges from 0 (lowest score, most incomplete performance) to 10 (highest score or adequate per-
formance) based on the quality of the observed performance (Supplementary Materials Table S1).
The checklist version was an adaptation of the Basic Life Support (BLS) adult CPR (Car-
diopulmonary Resuscitation) and AED (automated external defibrillator) skills testing
checklist from the American Heart Association. The adaptation considered particular
features of the proposed scenario and the previous academic formation of participants [40].

2.3. Data Organization and Analysis

Pupil diameters were recorded with a sampling rate of 200 Hz using an eye tracker
device with two video cameras, for the environment (30Hz@1080p) and for pupillary
movements, dilations, and contractions, respectively (200 Hz @ 192 × 192px) (Pupil Labs
GmbH, Berlin, Germany). The recording quality was adjusted with a spatial 5-point
calibration task. Pupil size was monitored throughout the entire duration of the exercise.
The data from the device were exported using Pupil Player v3.1.16 software, and the
minimum and maximum diameter values were obtained for each participant. Subsequently,
the pupil diameter variation was calculated by subtracting the maximum and minimum
diameters (Figure 1).

Figure 1. Snapshots showing pupil patterns (orange lines) and visual attention (green circles) of
participants during the cardiac arrest scenario: (a) assessment of consciousness, breathing, and
(b) chest compression.

The multidimensional National Aeronautics and Space Administration Task Load
Index (NASA-TLX) assessment instrument provided a global workload score for the given
task. The questionnaire contains six scales rating for mental, physical, and temporal de-
mands, for performance, effort, and frustration. Participants self-evaluated their workloads
by completing a weighting phase before the simulation task and a scoring phase after the
task. The NASA TLX has been previously applied in high-fidelity simulation environments
under stressful situations [37]. The internal consistency of NASA TLX has been demon-
strated for a sample of 398 Spanish workers (Cronbach alpha coefficient α = 0.69) [41].
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Finally, the Visual Analog Scale of stress (VAS) was applied to measure the participants’
self-perceived stress levels before and after the cardiac arrest simulation completion. Each
participant indicated their stress level by completing a 100 mm line with equidistant points
between 1 (very little) and 10 (very much).

2.4. Data Analysis

Continuous variables were expressed as mean values ± standard deviation (SD).
The Kolmogorov–Smirnov test was applied to determine data normality. Differences
between student groups were analyzed with independent t-tests. A comparison between
pre-test and post-test simulation scores was completed using Student’s t-test paired and a
Wilcoxon signed rank test for normal and non-normal distribution variables, respectively.
Bivariate correlations were used to assess associations between physiological, pupillary
metrics, and workload variables and CPR quality parameters. Testing was conducted on
several multiple linear regression models in which differences in pupil variations were
considered as dependent variables and the rest of the variables (physiological and workload
dimensions) as predictors. The software package SPSS for Windows version v.26 (IBM
SPSS, Inc., Chicago, IL, USA) was used for data analysis. A p-value of <0.05 was set as
representing statistical significance for all analyses.

3. Results

Forty-nine nursing students (40 female; mean age = 22.59 ± 2.23 SD years) participated
in the study (Table 1). The analysis of sociodemographic data showed no significant
differences regarding the age and sex of participants. Only 34.7% of the students had
received training in Basic Life Support (BLS) beyond the academic content. Twenty-eight
participants out of forty-nine obtained scores superior to 5 on the performance checklist,
with the mean score being 5.32 ± 2.084. All the participants had previous experience in
simulation-based resuscitation training and were competent in providing BLS.

Table 1. Socio-demographic characteristics and checklist scores of participants.

Socio-Demographics Socio-Demographics Values Statistic Values X2/t p-Value

Sex Female 41.373 (83.7)
22.224 0.000 *Male 8 (16.3)

Age 21.37 ± 5.74 69.367 0.000 *

Educational level
Baccalaureate 39 (79.6)

79.571 0.000 *Other Bachelor of Science
Professional training

Master of Science

7 (14.3)
1 (2)

2 (4.1)

Basic life support (BLS) training Yes 17 (34.7)
4.592 0.032 *No 32 (65.3)

Type of BLS training
Online training 1 (2)

14.588 0.001 *On-site training 13 (26.5)
Mixed training 3 (6.1)

Advanced life support (ALS) training Yes 2 (4.1)
41.327 0.000 *No 47 (95.9)

Type of ALS training
Online training 0 (0)

0.000 1.000On-site training 1 (2)
Mixed training 1 (2)

Checklist scores 5.31 ± 2.08 17.825 0.000

* p < 0.05; Chi-squared Pearson; SD Standard Deviation.

3.1. Psychophysiological Parameters

Physiological parameters such as peripheral temperature, heart rate, and oxygen satu-
ration increased after the simulation training, while systolic and diastolic blood pressure
records were slightly inferior. Heart rate values showed statistically significant differences
between pre-test and post-test measurements; see Table 2. The comparison of participants
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regarding the checklist scores revealed that those with higher scores presented lower values
in all physiological parameters in both pre-and post-test determinations (Table 3).

Table 2. Physiological and psychological variables at pre-test and post-test moments.

Moment

Physiological Parameter Pre-Test Post-Test Statistic t-Paired p-Value

Peripheral temperature 36.355 ± 0.204 36.406 ± 0.252 −1.334 0.189
Systolic blood pressure 118.90 ± 16.455 117.00 ± 14.142 1.395 0.169
Diastolic blood pressure 79.92 ± 14.527 78.43 ± 10.398 1.331 0.190

Heart rate 80.08 ± 16.4422 82.42 ± 17.133 −2.025 0.049
Oxygen saturation 97.38 ± 1.265 97.50 ± 1.011 −0.590 0.558

VAS scores 4.5 ± 2.44 4.8 ± 2.48

Table 3. Relationship of physiological and psychological variables with checklist scores.

Variables Checklist Scores Number of Participants Mean ± SD Statistic t p-Value

Pre-test measurements

Peripheral
temperature

<5 21 36.352 ± 0.1778 −0.083 0.934
>5 28 36.357 ± 0.2251

Systolic blood
pressure

<5 21 122.38 ± 18.096 1.257 0.217
>5 28 116.29 ± 14.909

Diastolic blood
pressure

<5 21 84.24 ± 18.944 1.349 0.188
>5 28 78.14 ± 9.633

Heart rate
<5 21 83.57 ± 16.543 1.301 0.200
>5 28 77.46 ± 15.892

Oxygen saturation <5 20 97.20 ± 1.399 −0.783 0.439
>5 28 97.50 ± 1.171

VAS score <5 21 4.619 ± 2.1089 0.302 0.764
>5 28 4.411 ± 2.7116

Post-test measurements

Peripheral
temperature

<5 21 36.438 ± 0.1884 0.813 0.420
>5 28 36.382 ± 0.2919

Systolic blood
pressure

<5 21 119.86 ± 13.135 1.252 0.217
>5 28 114.86 ± 14.719

Diastolic blood
pressure

<5 21 78.71 ± 9.509 0.169 0.867
>5 28 78.21 ± 11.186

Heart rate <5 20 85.65 ± 18.033 1.090 0.282
>5 28 80.11 ± 16.396

Oxygen saturation <5 21 97.29 ±1.007 −1.365 0.179
>5 28 97.68 ± 0.983

VAS score <5 21 5.071 ± 2.1230 0.538 0.593
>5 28 4.696 ± 2.7532

Pupillary response

Minimum pupil
diameter

<5 21 2.1576 ± 1.19611 1.157 0.257
>5 27 1.8248 ± 0.62839

Maximum pupil
diameter

<5 21 5.6519 ± 1.39001 0.186 0.853
>5 27 5.5789 ± 1.29099

Pupil difference
diameter

<5 21 3.4943 ± 1.39943 −0.669 0.507>5 27 3.7541 ± 1.24784



Healthcare 2023, 11, 455 6 of 11

The participants obtained similar pre-test (4.5 ± 2.44) and post-test (4.8 ± 2.48) stress
levels, although slightly higher scores were observed after completing the simulation
procedure. Concerning task performance, participants reported lower stress levels at the
end of the task regardless of their scoring on the checklist (Table 3).

Pupil responses ranged from 0.41 mm and 9.27 mm, with a mean pupillary diameter
difference of 3.64 ± 1.21 (p < 0.000). Differences between maximum and minimum pupil
diameters were statistically significant (t = −19.278, p < 0.000). The analysis of task perfor-
mance revealed that participants with higher rates on the checklist showed lower pupil
diameters than participants with lower checklist scores (<5). Similarly, the relationship be-
tween pupil diameter differences and temporary workload demands (r = −0.289, p < 0.047),
systolic blood pressure pretest (r = −0.315, p < 0.029), and systolic blood pressure post-test
was negative and moderate, while a positive and moderate association was observed for
oxygen saturation (r = 0.324, p = 0.027) and stress levels (r = 0.344, p < 0.017).

3.2. Task Performance and Workload

NASA-TLX weighted scores ranged from 175 (low workload) to 1380 (high workload),
showing a mean value of 803 ± 272 [39]. Frustration was the category most rated by partici-
pants (p < 0.000), while the physical workload was the lowest rated (p < 0.001). Concerning
task performance, participants with checklist scores <5 displayed higher workload scores
on the global score and all demand categories—mental, physical, temporal, performance,
effort, and frustration—although the difference was not statistically significant (Table 4).

Table 4. Relationship of workload variables with checklist scores.

NASA-TLX Workload Checklist Scores Number Participants Mean ± SD Statistic t p-Value

NASA overall
<5 21 57.5081 ± 17.63 1.337 0.188
>5 28 50.6321 ± 17.94

Mental demand (M)
<5 21 153.10 ± 101.99 0.330 0.743
>5 28 144.29 ± 84.61

Physical demand (F) <5 21 29.29 ± 67.18 0.456 0.650
>5 28 22.14 ± 42.17

Temporary demand (T) <5 21 150.71 ± 110.03 0.588 0.559
>5 28 131.79 ± 112.98

Performance (P)
<5 20 148.33 ± 111.46 0.390 0.698
>5 28 136.46 ± 100.68

Effort (E) <5 21 151.43 ± 80.75 0.891 0.377
>5 28 126.25 ± 108.79

Frustration (FR)
<5 21 231.67 ± 163.36 0.839 0.406
>5 28 195.71 ± 136.29

3.3. Pupil Diameter vs. Workload

The difference in pupil diameter through the simulation procedure showed moderately
significant associations with other physiological parameters such as systolic pressure and
peripheral temperature. Pupil diameter differences were also negatively associated with
temporal workload demands. A multiple regression analysis modeled the relationship
between pupil diameter differences and (i) pre-test blood systolic pressure, (ii) heart rate,
(iii) workload (physical, mental, and temporal demands), and checklist scores (Table 5).
The significant regression equation using pupil diameter as a dependent variable explained
28% of the variance (R2 = 0.280; F (6, 41) = 2.660; p < 0.028; d = 2.042).
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Table 5. Multiple linear regression analysis to model the relationship between differences in pupil
diameters and physiological parameters (systolic blood pressure and heart rate pre-test), NASA-TLX
workload demand (physical, mental and temporal demands), and checklist scores.

Dependent Variable:
Self-Efficacy Unstandardized Coefficients Standardized

Coefficients Beta

B Standard Error Statistic t Significance

Constant 8.518 1.740 4.895 0.000
Systolic Blood Pressure −0.022 0.011 −0.278 −1.948 0.058

Heart rate −0.014 0.012 −0.171 −1.120 0.269
Mental demands −0.004 0.002 −0.267 −1.830 0.075

Physical demands 0.002 0.004 0.075 0.534 0.596
Temporary demands −0.005 0.002 −0.381 −2.730 0.009

Checklist scores −0.007 0.089 −0.011 −0.079 0.938

4. Discussion

This study investigated the impact of task-evoked pupillary response as an indicator
of mental workload, in the performance of an unannounced simulated in-hospital car-
diac arrest scenario. Since physiological parameters play a pivotal role in clinical skills
acquisition, blood pressure, heart rate, peripheral temperature, and oxygen saturation are
considered valuable markers of healthcare simulation training. Thus, this study focused on
exploring the reliability of pupil diameter changes and other physiological determinations
compared with subjective measurements based on self-evaluated workload questionnaires.

Our results confirm the association between cardiovascular response and task per-
formance during simulation practices [3,4,21]. All physiological metrics, except for blood
pressure, increased after the training, where heart rate differences statistically significant
between pre-test and post-test measurements. The psychophysiological arousal resulting
from the activation of the sympathetic nervous system and the subsequent hormonal re-
sponse to stress explained the change in cardiac activity [42]. Moreover, the performance in
the simulation task was inferior in those participants with higher heart rate measures in the
post-simulation stage. These findings support the use of heart rate and heart rate variability
as acceptable methods to predict cognitive load when performing a difficult task.

Regarding pupil size measures, pupillometry can take advantage of the physiological
characteristics of the human eye to investigate the effect of cognitive workload during a
demanding task [4,43]. In this study, pupil diameter changes occurring throughout the
simulation procedure revealed a positive and moderate association with the participants’
stress levels scores. The physiological response involving pupil dilation has been previously
reported in training exercises as the level of stress increases [29,32,44]. The perception of
the simulation setting as stressful is congruent with the cardiac response experienced by
participants and the increase in heart rate in the post-simulation stage [45,46]. In this sense,
the increase in pupil diameter differences correlated well with lower systolic blood pressure
values, thus confirming the effect of pupil responses on the psychophysiological stress
experienced by participants during the training. Therefore, the contribution of pupil size as
a complement to psychophysiological measures seemed to be critical for investigating the
subjective stress response in professional training.

This pattern is consistent with the psychometric measures of cognitive load obtained by
NASA-TLX scores. The majority of trainees exhibited medium scores, in which frustration
the domain most highly rated. Additionally, the workload scores were congruent with the
performance quality determined by checklist punctuation. The participants with higher
checklist scores reported less cognitive load, whereas those with lower performance scores
displayed higher physical and mental processing demands. These results agree with a great
deal of research demonstrating the negative correlation between task performance and the
cognitive load experienced by healthcare providers in either simulation environments or
clinical settings [41,47–49].
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The relationship between pupil size variations and self-evaluated cognitive load adds
more evidence to this argument. Many investigations suggest that pupil size increases
according to task complexity [29,37]. In the present study, participants who self-evaluated
the task as more mentally and physically demanding presented higher differences in pupil
diameters during the simulation procedure. Since pupil diameter variations are closely
related to parasympathetic and sympathetic impulses, increased cognitive load can trigger
a rapid change in pupil diameter [37]. From this perspective, pupil diameter differences
were negative and moderately associated with the temporal dimension of the NASA-
TLX questionnaire. The same trend regarding the NASA-TLX temporal demand category
has been observed in a previous investigation involving simulation training in a clinical
environment [37].

Therefore, pupillometry seems to be a promising ocular metric for evaluating cognitive
load. Previous studies have reported that pupil response precedes the physiological arousal
effect even under minimal cognitive demands [50,51]. On the other hand, heart rate has
also been correlated with physiological arousal when the task difficulty rises. Both pupil
diameter and heart rate increase due to cognitive activity during a challenging task and
can affect the performance of that task. With these considerations in mind, searching for a
pattern that links pupil size variations with heart rate, cognitive load, and performance
is particularly relevant. Under this assumption, our results suggest that differences in
pupil diameter are associated with psychophysiological and psychometric measures. The
analysis of data through a multiple regression model produced a statistically significant
regression equation using pupil diameter differences as the dependent variable and pre-
test blood systolic pressure, (i) heart rate, (ii) workload (physical, mental, and temporal
demands) (iii), and checklist scores (iv) as predictors. The regression analysis showed a
consistent pattern, resulting in a statistically significant regression equation (p < 0.028)
and a Durbin–Watson value of 2.042, indicating the lack of autocorrelation in the sample.
Consequently, our results sufficiently support the significance of the analysis to determine
the validity and usefulness of the model. These findings may indicate not only the potential
of pupil diameter as an indicator of cognitive activity but also the need to identify the
influence of physiological arousal when performing a given task.

Although these results are encouraging, there are some limitations in the current
study. One limitation is the use of convenience sampling to select participants. Future
research may consider recruiting participants with different expertise and skills when
performing the task. Monitoring of physiological parameters may result in a potential bias
due to the perception of being evaluated. Furthermore, psychometric variables ought to
be self-evaluated by participants. Further research will focus on the objective measures to
determine the cognitive activity and workload experienced by participants. The experiment
set did not allow monitoring of pupil diameters in short-term moments. There might have
been variations in the pupillary response according to the different phases of the task,
namely identification of the situation and decision-making times. Finally, cognitive activity
may vary according to the contexts of decision-making tasks. Therefore, this investigation
will be performed in other medical scenarios and real-life healthcare settings.

5. Prospects on Healthcare Training and Clinical Practice

This investigation provides more evidence regarding the potential of pupillary re-
sponse to measure cognitive load in healthcare learning environments. Our analysis
suggests that (i) the cognitive workload experienced by trainees in simulated clinical sce-
narios triggers a physiological response associated with changes in pupil diameters and
variations in heart rate; (ii) workload dimensions involving mental, physical, and temporal
demands are closely related to differences in pupil diameter; and (iii) clinical performance
is congruent with the physiological and psychometrics measures perceived by participants.

These results are of particular interest in healthcare training for either simulated
or real environments. Monitoring cognitive load appears to be crucial to maximizing
clinical performance during the learning process. The utilization of objective indicators
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of cognitive load can help improve the simulation procedure’s effectiveness in stressful
scenarios. Integrating the investigation of pupillary responses in clinical practice may
lead to a better understanding of the main training problems in healthcare education. The
appraisal of the trainees’ cognitive demands will contribute not only to addressing the
key challenges of the cognitive process but also to improving overall performance and
achieving good clinical practices.

6. Conclusions

The assessment of pupillary responses as indicators of cognitive load is attracting
attention in healthcare education. This study provided additional evidence into the trainee’s
cognitive demands involved in clinical performance through the appraisal of variations in
pupil diameter. The application of a multiple regression model revealed a consistent trend
between pupil diameter differences, other physiological parameters such as systolic blood
pressure and heart rates, physical-mental workload, and performance scores.

These results suggest that pupil dilation is negatively associated with temporal cogni-
tive demands and lower performance outcomes. Therefore, monitoring pupil variations
during simulation exercises is of utmost importance to identify the cognitive activity of
trainees. Moreover, the appraisal of clinical performance through objective metrics has
implications for both learning and clinical outcomes and can ultimately lead to the im-
provement in the quality of healthcare. Further research is needed to validate the use of
pupil diameter variations as reliable markers of physiological arousal, cognitive workload,
and clinical performance.
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3. İşbilir, E.; Çakır, M.P.; Acartürk, C.; Tekerek, A.Ş. Towards a Multimodal Model of Cognitive Workload Through Synchronous

Optical Brain Imaging and Eye Tracking Measures. Front. Hum. Neurosci. 2019, 13, 375. [CrossRef]
4. Johannessen, E.; Szulewski, A.; Radulovic, N.; White, M.; Braund, H.; Howes, D.; Rodenburg, D.; Davies, C. Psychophysiologic

Measures of Cognitive Load in Physician Team Leaders during Trauma Resuscitation. Comput. Hum. Behav. 2020, 111, 106393.
[CrossRef]

5. Kurzban, R.; Duckworth, A.; Kable, J.W.; Myers, J. An Opportunity Cost Model of Subjective Effort and Task Performance. Behav.
Brain Sci. 2013, 36, 661–679. [CrossRef]

https://www.mdpi.com/article/10.3390/healthcare11040455/s1
https://www.mdpi.com/article/10.3390/healthcare11040455/s1
https://www.healthstream.com/resource/blog/what-is-competence-in-healthcare-(part-i)
https://www.healthstream.com/resource/blog/what-is-competence-in-healthcare-(part-i)
http://doi.org/10.3109/0142159X.2014.889290
http://doi.org/10.3389/fnhum.2019.00375
http://doi.org/10.1016/j.chb.2020.106393
http://doi.org/10.1017/S0140525X12003196


Healthcare 2023, 11, 455 10 of 11

6. Gröpel, P.; Wagner, M.; Bibl, K.; Schwarz, H.; Eibensteiner, F.; Berger, A.; Cardona, F.S. Provider Visual Attention Correlates
With the Quality of Pediatric Resuscitation: An Observational Eye-Tracking Study. Front. Pediatr. 2022, 10, 867304. [CrossRef]
[PubMed]

7. Tawfik, D.S.; Profit, J.; Morgenthaler, T.I.; Satele, D.V.; Sinsky, C.A.; Dyrbye, L.N.; Tutty, M.A.; West, C.P.; Shanafelt, T.D. Physician
Burnout, Well-Being, and Work Unit Safety Grades in Relationship to Reported Medical Errors. Mayo Clin. Proc. 2018, 93,
1571–1580. [CrossRef] [PubMed]

8. Shinnick, M.A. Situational Awareness Differences Between Novice and Expert Nurses: Is There a Correlation with Clinical
Judgment? Clin. Simul. Nurs. 2022, 62, 57–65. [CrossRef]

9. Wickens, C.D.; McCarley, J.S. Applied Attention Theory, 1st ed.; CRC Press: Boca Raton, FL, USA, 2019; ISBN 978-0-429-05926-1.
10. Wu, C.; Cha, J.; Sulek, J.; Sundaram, C.P.; Wachs, J.; Proctor, R.W.; Yu, D. Sensor-Based Indicators of Performance Changes

between Sessions during Robotic Surgery Training. Appl. Ergon. 2021, 90, 103251. [CrossRef]
11. Ullén, F.; de Manzano, Ö.; Mosing, M.A. Neural Mechanisms of Expertise. In The Oxford Handbook of Expertise; Ward, P., Maarten

Schraagen, J., Gore, J., Roth, E.M., Eds.; Oxford University Press: Oxford, UK, 2019; pp. 128–148. ISBN 978-0-19-879587-2.
12. Haji, F.A.; Khan, R.; Regehr, G.; Drake, J.; de Ribaupierre, S.; Dubrowski, A. Measuring Cognitive Load during Simulation-Based

Psychomotor Skills Training: Sensitivity of Secondary-Task Performance and Subjective Ratings. Adv. Health Sci. Educ. 2015, 20,
1237–1253. [CrossRef] [PubMed]

13. Szulewski, A.; Gegenfurtner, A.; Howes, D.W.; Sivilotti, M.L.A.; van Merriënboer, J.J.G. Measuring Physician Cognitive Load:
Validity Evidence for a Physiologic and a Psychometric Tool. Adv. Health Sci. Educ. 2017, 22, 951–968. [CrossRef]

14. Paas, F.G.W.C.; van Merriënboer, J.J.G.; Adam, J.J. Measurement of Cognitive Load in Instructional Research. Percept Mot. Skills
1994, 79, 419–430. [CrossRef] [PubMed]

15. Hart, S.G.; Staveland, L.E. Development of NASA-TLX (Task Load Index): Results of Empirical and Theoretical Research. In
Advances in Psychology; Elsevier: Amsterdam, The Netherlands, 1988; Volume 52, pp. 139–183. ISBN 978-0-444-70388-0.

16. Galy, E.; Cariou, M.; Mélan, C. What Is the Relationship between Mental Workload Factors and Cognitive Load Types? Int.
J. Psychophysiol. 2012, 83, 269–275. [CrossRef] [PubMed]

17. Durantin, G.; Gagnon, J.-F.; Tremblay, S.; Dehais, F. Using near Infrared Spectroscopy and Heart Rate Variability to Detect Mental
Overload. Behav. Brain Res. 2014, 259, 16–23. [CrossRef] [PubMed]

18. Bhoja, R.; Guttman, O.T.; Fox, A.A.; Melikman, E.; Kosemund, M.; Gingrich, K.J. Psychophysiological Stress Indicators of Heart
Rate Variability and Electrodermal Activity with Application in Healthcare Simulation Research. Sim. Healthc. 2020, 15, 39–45.
[CrossRef]

19. Martens, M.A.; Antley, A.; Freeman, D.; Slater, M.; Harrison, P.J.; Tunbridge, E.M. It Feels Real: Physiological Responses to a
Stressful Virtual Reality Environment and Its Impact on Working Memory. J. Psychopharmacol. 2019, 33, 1264–1273. [CrossRef]

20. Wolf, O.T. The Impact of Stress on Executive Functions in Human. Psychoneuroendocrinology 2016, 71, 13. [CrossRef]
21. Mauriz, E.; Caloca-Amber, S.; Córdoba-Murga, L.; Vázquez-Casares, A.M. Effect of Psychophysiological Stress and Socio-

Emotional Competencies on the Clinical Performance of Nursing Students during a Simulation Practice. Int. J. Environ. Res.
Public Health 2021, 18, 5448. [CrossRef]

22. Bednarik, R.; Bartczak, P.; Vrzakova, H.; Koskinen, J.; Elomaa, A.-P.; Huotarinen, A.; de Gómez Pérez, D.G.; von und zu Fraunberg,
M. Pupil Size as an Indicator of Visual-Motor Workload and Expertise in Microsurgical Training Tasks. In Proceedings of the 2018
ACM Symposium on Eye Tracking Research & Applications, Warsaw, Poland, 14 June 2018; pp. 1–5.

23. Maier, S.U.; Grueschow, M. Pupil Dilation Predicts Individual Self-Regulation Success across Domains. Sci. Rep. 2021, 11, 14342.
[CrossRef] [PubMed]

24. Kurniawan, I.T.; Grueschow, M.; Ruff, C.C. Anticipatory Energization Revealed by Pupil and Brain Activity Guides Human
Effort-Based Decision Making. J. Neurosci. 2021, 41, 6328–6342. [CrossRef]

25. Walton, M.E.; Bouret, S. What Is the Relationship between Dopamine and Effort? Trends Neurosci. 2019, 42, 79–91. [CrossRef]
[PubMed]

26. Cohen, N.; Moyal, N.; Henik, A. Executive Control Suppresses Pupillary Responses to Aversive Stimuli. Biol. Psychol. 2015, 112,
1–11. [CrossRef]

27. Grueschow, M.; Stenz, N.; Thörn, H.; Ehlert, U.; Breckwoldt, J.; Brodmann Maeder, M.; Exadaktylos, A.K.; Bingisser, R.; Ruff, C.C.;
Kleim, B. Real-World Stress Resilience Is Associated with the Responsivity of the Locus Coeruleus. Nat. Commun. 2021, 12, 2275.
[CrossRef] [PubMed]

28. Mather, M.; Clewett, D.; Sakaki, M.; Harley, C.W. Norepinephrine Ignites Local Hotspots of Neuronal Excitation: How Arousal
Amplifies Selectivity in Perception and Memory. Behav. Brain Sci. 2016, 39, e200. [CrossRef]

29. Zheng, B.; Jiang, X.; Atkins, M.S. Detection of Changes in Surgical Difficulty: Evidence from Pupil Responses. Surg. Innov. 2015,
22, 629–635. [CrossRef] [PubMed]

30. Menekse Dalveren, G.G.; Cagiltay, N.E.; Ozcelik, E.; Maras, H. Insights from Pupil Size to Mental Workload of Surgical Residents:
Feasibility of an Educational Computer-Based Surgical Simulation Environment (ECE) Considering the Hand Condition. Surg.
Innov. 2018, 25, 616–624. [CrossRef] [PubMed]

31. Kübler, T.C.; Kasneci, E.; Vintila, F. Pupil Response as an Indicator of Hazard Perception during Simulator Driving. Available
online: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7141086/ (accessed on 31 December 2017).

http://doi.org/10.3389/fped.2022.867304
http://www.ncbi.nlm.nih.gov/pubmed/35685920
http://doi.org/10.1016/j.mayocp.2018.05.014
http://www.ncbi.nlm.nih.gov/pubmed/30001832
http://doi.org/10.1016/j.ecns.2021.10.002
http://doi.org/10.1016/j.apergo.2020.103251
http://doi.org/10.1007/s10459-015-9599-8
http://www.ncbi.nlm.nih.gov/pubmed/25761454
http://doi.org/10.1007/s10459-016-9725-2
http://doi.org/10.2466/pms.1994.79.1.419
http://www.ncbi.nlm.nih.gov/pubmed/7808878
http://doi.org/10.1016/j.ijpsycho.2011.09.023
http://www.ncbi.nlm.nih.gov/pubmed/22008523
http://doi.org/10.1016/j.bbr.2013.10.042
http://www.ncbi.nlm.nih.gov/pubmed/24184083
http://doi.org/10.1097/SIH.0000000000000402
http://doi.org/10.1177/0269881119860156
http://doi.org/10.1016/j.psyneuen.2016.07.044
http://doi.org/10.3390/ijerph18105448
http://doi.org/10.1038/s41598-021-93121-y
http://www.ncbi.nlm.nih.gov/pubmed/34253756
http://doi.org/10.1523/JNEUROSCI.3027-20.2021
http://doi.org/10.1016/j.tins.2018.10.001
http://www.ncbi.nlm.nih.gov/pubmed/30391016
http://doi.org/10.1016/j.biopsycho.2015.09.006
http://doi.org/10.1038/s41467-021-22509-1
http://www.ncbi.nlm.nih.gov/pubmed/33859187
http://doi.org/10.1017/S0140525X15000667
http://doi.org/10.1177/1553350615573582
http://www.ncbi.nlm.nih.gov/pubmed/25759398
http://doi.org/10.1177/1553350618800078
http://www.ncbi.nlm.nih.gov/pubmed/30205777
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7141086/


Healthcare 2023, 11, 455 11 of 11

32. van der Wel, P.; van Steenbergen, H. Pupil Dilation as an Index of Effort in Cognitive Control Tasks: A Review. Psychon. Bull. Rev.
2018, 25, 2005–2015. [CrossRef] [PubMed]

33. Shinnick, M.A.; Woo, M. Comparison of Simulation Assessments: Can They Identify Novice/Student Nurses? Clin. Simul. Nurs.
2020, 46, 40–49. [CrossRef]

34. Cabrera-Mino, C.; Shinnick, M.A.; Moye, S. Task-Evoked Pupillary Responses in Nursing Simulation as an Indicator of Stress and
Cognitive Load. Clin. Simul. Nurs. 2019, 31, 21–27. [CrossRef]

35. Momeni Mehrjardi, Z.; Mirzaei, S.; Gohari, M.; Hafezieh, A.; Nasiriani, K. Effect of Training Eye Care Clinical Guideline for ICU
Patients on Clinical Competence of Eye Care in Nurses. Crit. Care Res. Pract. 2021, 2021, 1–6. [CrossRef]

36. Liu, X.; Zheng, B.; Duan, X.; He, W.; Li, Y.; Zhao, J.; Zhao, C.; Wang, L. Detecting Performance Difficulty of Learners in
Colonoscopy: Evidence from Eye-Tracking. JEMR 2021, 14. [CrossRef] [PubMed]

37. Merkle, F.; Kurtovic, D.; Matschke, A.; Haupt, B.; Falk, V.; Starck, C. Simulation-Based Training of Critical Events during
Cardiopulmonary Bypass: Importance of a Critical Events Checklist. Perfusion 2021, 36, 239–247. [CrossRef] [PubMed]

38. Tatsuru, K.; Keisuke, Y.; Shun, O.; Mayu, M.; Ayaka, N.; Masakazu, M.; Koshiro, S.; Toshio, H.; Koji, Y.; Waka, Y.; et al. The
Evaluation of Eye Gaze Using an Eye Tracking System in Simulation Training of Real-Time Ultrasound-Guided Venipuncture.
J. Vasc. Access 2022, 23, 360–364. [CrossRef]

39. Documentación PRL Carga Mental INSST—Portal INSST—INSST. Available online: https://www.insst.es/materias/riesgos/
riesgos-ergonomicos/carga-de-trabajo/carga-mental/documentacion (accessed on 3 January 2023).

40. Cheng, A.; Magid, D.J.; Auerbach, M.; Bhanji, F.; Bigham, B.L.; Blewer, A.L.; Dainty, K.N.; Diederich, E.; Lin, Y.; Leary, M.; et al.
Part 6: Resuscitation Education Science: 2020 American Heart Association Guidelines for Cardiopulmonary Resuscitation and
Emergency Cardiovascular Care. Circulation 2020, 142, S551–S579. [CrossRef] [PubMed]

41. Ruiz-Rabelo, J.F.; Navarro-Rodriguez, E.; Di-Stasi, L.L.; Diaz-Jimenez, N.; Cabrera-Bermon, J.; Diaz-Iglesias, C.; Gomez-Alvarez,
M.; Briceño-Delgado, J. Validation of the NASA-TLX Score in Ongoing Assessment of Mental Workload During a Laparoscopic
Learning Curve in Bariatric Surgery. Obes. Surg. 2015, 25, 2451–2456. [CrossRef] [PubMed]

42. Grassmann, M.; Vlemincx, E.; von Leupoldt, A.; Van den Bergh, O. Individual Differences in Cardiorespiratory Measures of
Mental Workload: An Investigation of Negative Affectivity and Cognitive Avoidant Coping in Pilot Candidates. Appl. Ergon.
2017, 59, 274–282. [CrossRef]

43. Zargari Marandi, R.; Madeleine, P.; Omland, O.; Vuillerme, N.; Samani, A. Reliability of Oculometrics During a Mentally
Demanding Task in Young and Old Adults. IEEE Access 2018, 6, 17500–17517. [CrossRef]

44. Liu, X.; Sanchez Perdomo, Y.P.; Zheng, B.; Duan, X.; Zhang, Z.; Zhang, D. When Medical Trainees Encountering a Performance
Difficulty: Evidence from Pupillary Responses. BMC Med. Educ. 2022, 22, 191. [CrossRef]

45. Al-Ghareeb, A.; McKenna, L.; Cooper, S. The Influence of Anxiety on Student Nurse Performance in a Simulated Clinical Setting:
A Mixed Methods Design. Int. J. Nurs. Stud. 2019, 98, 57–66. [CrossRef]

46. Clarke, S.; Horeczko, T.; Cotton, D.; Bair, A. Heart Rate, Anxiety and Performance of Residents during a Simulated Critical
Clinical Encounter: A Pilot Study. BMC Med. Educ. 2014, 14, 153. [CrossRef]

47. Aldekhyl, S.; Cavalcanti, R.B.; Naismith, L.M. Cognitive Load Predicts Point-of-Care Ultrasound Simulator Performance. Perspect
Med. Educ. 2018, 7, 23–32. [CrossRef] [PubMed]

48. Yurko, Y.Y.; Scerbo, M.W.; Prabhu, A.S.; Acker, C.E.; Stefanidis, D. Higher Mental Workload Is Associated with Poorer Laparo-
scopic Performance as Measured by the NASA-TLX Tool. Simul. Healthc. J. Soc. Simul. Healthc. 2010, 5, 267–271. [CrossRef]
[PubMed]

49. Fraser, K.L.; Ayres, P.; Sweller, J. Cognitive Load Theory for the Design of Medical Simulations. Simul. Healthc. J. Soc. Simul.
Healthc. 2015, 10, 295–307. [CrossRef] [PubMed]
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