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General Introduction







General introduction

“To erris human”: As in many critical fields such as aviation, nuclear power, and chemical
industry, human errors are one of the leading causes of advert events in healthcare."?
To minimize human error and improve patient safety, diverse strategies for performance
and quality improvement in healthcare systems have been attempted.* Among these
strategies, the timeout, where the current action is paused to secure safe measures, has
been adopted in various settings.* Research has demonstrated that the application of
timeouts significantly decreases patient morbidity and mortality and enhances healthcare
delivery performance.®

Although timeouts in general refer to formal team practice (e.g., surgical timeout,

),%'° researchers have called for more focus on informal and individual

diagnostic timeout
timeouts (i.e., pausing) that can be applied to a broader range of practice, as recent
medical interventions become more dynamic and fast-paced. Coined as the “reflective
pause”, “the mindful surgeon”, or “slowing down when you should”,""® discussions on
pausing have been cultivated in different contexts to spur cultural changes in healthcare
systems.' The medical pause is a novel term developed through the course of the proj-
ect reported in this PhD thesis, defined as a formal or informal decision to stop current
action in medical procedures for a brief time to perform beneficial cognitive activities
that enhance performance and patient safety.”

However, the pausing practice in any form appears to be not fully acknowledged
both in workplaces and education. Reportedly, compliance with timeout protocols is so
low that it dilutes the clinical benefits of timeouts.>'*” Healthcare professionals are often
unwilling to interrupt current procedures by taking pauses, as it seems to be inefficient.>”
Educators in training programs do not sufficiently consider pausing as a professional
skill, rather focusing on algorithmic task approaches that hinder the development of
critical thinking.'®" Students and trainees tend to disregard the benefits of pausing and
rush to perform given tasks.?%? In research, studies on pausing have been developed
in divergent contexts, which hampers the development of a coherent research frame-
work and the conceptualization of pausing as a professional skill.”*?? Moreover, these
studies heavily rely on post-action self-repor for data collection. Apart from its common

drawbacks (e.g., bias, forgetting, fabrication), self-reporting is not suitable to capture
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Chapter 1

specific behaviors that arise during performance, calling for objective real-time measures
to support research on pausing.?

The studies reported in this PhD thesis aim to foster the understanding of the medical
pause as a professional skill that should be taught in educational programs, by inves-
tigating the effects of pausing both theoretically and empirically. The thesis contributes
to the literature in three ways: First, | develop an integral framework to understand the
medical pause by integrating basic concepts for safety culture developed in different
contexts. Cognitive mechanisms shared between them are recognized based on concepts
from educational psychology such as cognitive load?*?* and self-regulation.?® Second,
moving from the theoretical grounds to educational translation, practical strategies to
train pausing skills within the medical curriculum are suggested. Useful strategies such as
scaffolding and cognitive and metacognitive aids are introduced, by employing educa-
tional theories of complex learning.?28 Third, the effects of pausing on different aspects
of performance and learning are empirically examined, by using computer-based sim-
ulations (e.g., serious games, VR simulation) and objective measurement methods such
as eye-tracking and game-log analysis.

In the following, | review previous research on pausing skills in medical education.
Next, cognitive load theory is infroduced to explain the two major cognitive processes
that constitute pausing skills: relaxation and reflection. Computer-based simulation, then,
is described as a promising environment for pausing skills for both educational and re-

search purposes. Lastly, | present an overview of the five studies that build up this thesis.

1. Pausing Skills in Medical Education

The importance of pausing should be stressed especially in medical education for three
reasons. First, tasks in medicine are often characterized as irreversible, associated with
finality of action (e.g., harm or death of a patient).?% This requires practitioners to be
particularly circumspect and mindful by using safety measures such as timeouts. Second,
medical tasks are highly uncertain and event-driven: Important information or unexpect-
ed events can emerge during task performance (e.g., finding abnormal anatomy during a
surgery). This requires practitioners to continuously adapt their performance to changing
environments by pausing the current procedure and redirecting it.2*?? Third, beneficial
cognitive activities during pauses (e.g., reflection) can facilitate continuous learning.'>%°
Since medical tasks are context-dependent and lengthy (e.g., several hours of surgery)
and rare scenarios are difficult to replicate for practice purposes, creation of learning

opportunities just-in-time in the context of actual performance is crucial.
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General introduction

Despite these benefits, traditionally, not many studies have paid attention to pausing
(reflection during tasks), while there have been a large number of studies on debriefing
or post-action reviews (reflection after tasks).?> However, as the standards of patient
safety have increased recently,"? more studies on pausing have appeared in different
contexts. In team performance, forced pauses initiated by formal protocols are stud-
ied, contributing to the development of surgical timeouts,”*" handoff protocols such as
SBAR®2 and I-PASS,*® and checklists.?**¢ Most of these studies reported positive effects
of pausing on improved performance and reduced adverse events including morbidity
and mortality.*”*8 Some researchers suggested to expand the standard surgical timeout
info a comprehensive concept of “preparatory pause” or “preoperative briefing”, and
verified its positive effects on performance.”?

Moulton et al. have broadened the concept of pausing to informal and individual
practice, introducing the “slow down when you should” phenomenon.?>*? They defined
this phenomenon as the transition from an automatic to an effortful cognitive processing
mode.?? “Stopping” was identified as the most extreme example among other slowing
down moments such as “focusing more intently” or “fine-tuning”.*® Recognizing the
slowing down as the hallmark of expertise that allows for creative solutions and adaptive
performance, they argued this practice should be taught in training programs to cultivate
“mindful surgeons” ™" Some researchers also supported the idea of promoting pausing
skills in training programs, for instance, integration of timeout practice in simulation-based
team training.'®1?

In comparison, in education in general, pausing has been studied mostly in the con-
text of multimedia learning or instructional animations. As in medical training, students

41,42

reportedly tend to be unaware of the importance of pausing during the tasks 42 and

educational support for pausing is lacking.**** Concerning the effects of pausing on

24549 gnd no clear consensus

learning, research has presented inconsistent results,
exists about the definition of pausing and when and how to prompt it.>-*2 Researchers
have pointed out that a systematic understanding of pausing is required to further the
research,’*** and that, to spur this understanding, real-time objective measures should
be leveraged to unveil the actual effects of pausing on learning.>3*>%¢ Although some
findings from general education are worth referring to, | consider they may not be di-
rectly applicable to the medical pause. Noticeably, the task environments used in these
studies are linear and passive (e.g., learning from texts on the screen), while those for
medical training are dynamic and the learners’ interaction with the environment alters

the consequences even more.
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2. Relaxation and Reflection

Cognitive load theory (CLT) provides a powerful framework to explain learning pro-
cesses in complex professional domains.?*?° CLT posits that diverse mental processes
impose different types of cognitive load on working memory. While discussions about
these types are still continuing within the CLT community,*® | suggest a new typology
with three types of cognitive load to better explain pausing processes in medical prac-
tice: primary load (PL) imposed by domain-specific task performance (e.g., a surgical
task), secondary load (SL) from domain-general processes that support the primary
performance (e.g., self-monitoring or situation awareness *¢°), and extraneous load
(EL) that does not contribute to the performance (e.g., distracting conversation during the
surgery). Sl is particularly important in pausing skills, as it pertains to self-monitoring in
uncertain and event-driven task environments to decide when and how to take pauses.
Similar to the eustress status in the stress literature,®“2 to maximize quality performance,
working memory should be neither overloaded nor underloaded. In other words, the
total level of cognitive load should be titrated below working memory capacity, while
still maintaining positive cognitive processes (i.e., sources of PL and SL) in an active
state. | argue that pausing is the professional skill to find and maintain this equilibrium
via two types of cognitive activities during pauses: relaxation that discharges overload
in working memory, and reflection that boosts cognitive activity by restructuring schemas

in long-term memory (i.e., learning).

Figure 1. Transitions between different cognitive load states

Relaxation Reflection

(e.g., deep (e.g., schema O Working

breathing) restructuring) memory
FTTLIL &

Overloaded [ > Freed-up ] Spare

capacity

Speed up . Cognitive
(e.g., autopilot) load

Adverse event
(e.g., complication during surgery)
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Figure 1 describes how various factors including relaxation and reflection trigger tran-
sitions between three different cognitive states: overloaded, freed-up, and effortful. The
state of overloaded is caused by adverse events such as time pressure and complications,
resulting in acute stress and heightened emotions.” Relaxation processes (e.g., deep
breathing) transition this state to the freed-up state, through management of the source
of overload or cogpnitive rest that recovers depleted working memory.®® This freed-up
state is a transient phase with spare capacity created in working memory by either re-
laxation or speeding-up (i.e., automatic performance of routine task aspects). Reflection
activates positive cognitive processes to transition the freed-up to the effortful state. In
this state, working memory is ideally optimized to keep control over performance and
facilitate learning.

For example, in a difficult resuscitation case, a physician may pause the procedure
to calm down (relaxation) and summarize the current situation by reviewing previous
performance, asking for peers’ opinions, and planning next actions (reflection). Note
that these processes rely on accumulated experience and finely honed skills. Reportedly,
experienced physicians are better skilled in those strategies to cope with intense situa-
tions.®* They have developed clinical judgment and time management skills to assess

8,65

the time available and the risk of using the time,®¢° which requires years of experience

and training.

3. Computer-Based Simulation

While real task environments can be suitable for some cases in medical training, simu-
lated task environments can be more beneficial for educational purposes.?” They can
offer a wide spectrum of scenarios including rare and critical cases, expanded access
to authentic task environments, and safer environments that do not risk patient safety or
loss of valuable materials. More importantly, they allow for control over learning content
(e.g., rearranging task sequence, providing guidance) and performance speed to pace
task progress (e.g., pausing and resuming performance). This flexibility is important for
education as instructors can tailor their level of support by adapting the task progression
of learning tasks to learners’ competency levels.

Computer-based simulation (CBS) is a technology-enhanced learning environment
which makes the benefits of simulated task environments even stronger. Rare cases can
be easily designed by programming patient physiology, and simulations can become
more accessible through online distribution. Diverse CBS formats, such as web-based
multimedia, serious games, and virtual reality, have successfully replicated clinical set-

tings.®¢*® Moreover, it provides a promising way of training pausing skills by allowing
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for easy installment of pause functions. By pressing a pause button and deliberately
taking a pause, learners can practice when and how to take pauses in different scenarios.

Another gain from using CBS is that it yields objective behavioral data during perfor-
mance in real time (e.g., log data in serious games). These data sets can be even more
informative when integrated with physiological data such as eye movements. Eye-track-
ing is a powerful information resource especially for CBS, since CBS heavily depends on
visual stimuli. It provides insights on diverse cognitive processes during human-computer
interaction.®? For instance, the transition rate (i.e., eye gaze allocation across different
objects) can reveal the level of situation awareness or vigilance.”*”! Pupillometry can
demonstrate the level of cognitive load (increasing pupil size is associated with higher
cognitive load), allowing for expertise assessment.4472

The availability of real-time data is invaluable for both research and education pur-
poses. The data sets allow for a deeper understanding of cognitive processes in pausing.
Educators and learners can use the data as cues for decision making on when and how

to pause and for assessing performance.

4. This Dissertation

Figure 2 presents an overview of the five studies comprising this thesis. To achieve the
goal of this thesis (i.e., fostering the understanding of pausing as a professional skill by
investigating pause effects theoretically and empirically), Study 1 provides a theoretical
framework of the medical pause, while four empirical studies of Study 2 to 5 follow based
on this framework. After Study 2 validates measures and the task environment of a 2D
CBS (i.e., AbcdeSIM 73), Study 3 and 4 investigate the two processes during pauses
(i.e., relaxation and reflection) respectively. Finally, Study 5 tests the generalizability
of the findings in another type of CBS environment, Virtual Reality (VR). This structure is
reflected in the following chapters.

Chapter 2 (Study 1) explicate the importance, processes, and training of the medical
pause. | describe the advantages of pausing for performance and learning (impor-
tance), analyze constituent cognitive processes of pausing (processes), and suggest
several strategies to train pausing skills in educational programs (training). By introducing
concepts from cogpnitive load theory and educational psychology, | describe how the
two major cognitive processes during pauses (i.e., relaxation and reflection) may affect

performance and learning.
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Figure 2. Overview of the five studies reported in this thesis.

M)
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Chapter 3 (Study 2) examines whether the measures and task environments | use have
sufficient discriminatory power. Based on theories of complex learning (e.g., 4C/ID %),
| derive four constructs that represent competency levels: systematicity, accuracy, speed,
and cognitive load. These constructs, then, are operationalized to specific measures by
using game logs and eye-tracking. These measures are validated as the indicators of
the competency levels in a computer-based simulation game for emergency medicine,
AbcdeSIM.7®

Chapter 4 (Study 3) investigates how relaxation pauses affect performance and cogni-
tive load in intense situations. On the assumption that allowing pauses and actually taking
pauses are two different constructs, their effects are tested respectively. Pupillometry, an
objective and continuous measure of cognitive load, is used to see how participants react
to changing situations in the dynamic task environment of AbcdeSIM. The relationship
between cognitive load, relaxation during pauses, and performance, is discussed.
Chapter 5 (Study 4) tests the effects of reflective pauses on performance, given instruc-
tional support for the reflection provided. By using concepts from complex learning, |
propose how to design cognitive and metacognitive aids (CMAs) to support reflection
processes during pausing. Assuming reflective pauses with CMAs help to optimize cog-
nitive load and allow for restructuring of mental models, | examine their effects on four
aspects of performance and learning: cognitive load, domain-specific performance,
domain-general performance, and the structure of cognitive schemas.

Chapter 6 (Study 5) examines whether the indicators found from the previous studies
can be applied to VR environments. Although pupillometry is well-known as a reliable
technique to measure cogpnitive load in 2D environments, its applicability to VR environ-
ments has not been validated yet. Specifically, the VR display causes light reflexes that
confound task-evoked pupillary responses (TEPRs). | validate whether task difficulty can

17
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predict cognitive load by using TEPRs corrected for this confounding factor, and whether
these TEPRs correlate with performance.

Finally, Chapter 7 (General Discussion) brings the findings from all studies together.
By connecting these findings, it discusses how the studies in this thesis contributed to
the investigation of the pause effects and deepened the understanding of the medical
pause. This project’s theoretical and methodological contribution as well as limitations
are illustrated to guide future researchers to unfold the research on the medical pause.

Also, practical implications for educators and CBS designers are discussed.
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Chapter 2

Abstract

Research has shown that taking “timeouts” in medical practice
improves performance and patient safety. However, the ben-
efits of taking timeouts, or pausing, is not sufficiently acknowl-
edged in workplaces and training programs. To promote this
acknowledgment, we suggest a systematic conceptualization
of the medical pause, focusing on its importance, processes,
and implementation in training programs. By employing insights
from educational and cognitive psychology, we first identified
pausing as an important skill to interrupt negative momentum
and bolster learning. Subsequently, we categorized constituent
cogpnitive processes for pausing skills into two phases: the deci-
sion-making phase (determining when and how to take pauses)
and the executive phase (applying relaxation or reflection
during pauses). We present a model that describes how relax-
ation and reflection during pauses can optimize cognitive load
in performance. Several strategies to implement pause training in
medical curricula are proposed: intertwining pause training with
training of primary skills, providing second-order scaffolding
through shared control, and employing auxiliary tools such as

computer-based simulations with a pause function.

Keywords: Timeout, patient safety, cognitive load,

skill development, medical training
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1. Introduction

Research has revealed that medical errors are among the leading causes of prevent-
able deaths each year.'? The widespread agreement that healthcare delivery can harm
patients has spurred a movement toward quality improvement and diverse strategy ap-
plication to improve patient safety.® The timeout, where the current course of action is
paused and the parameters of safe care are reassessed, has been adopted as safety
strategy in many settings.*® Although studies have shown that taking timeouts significantly
decreases patient morbidity and mortality,®® compliance with timeout protocols appears
to be low, diluting its clinical benefit.>?1°

We posit that the basic nature of the timeout is pausing, a conscious decision to stop
current performance for a physical time that allows for additional cognitive activities.
While medical timeouts in general refer to a formal practice with structured protocols in

),""2 pausing can occur either in-

a team setting (e.g., surgical timeout, diagnostic timeout
dividually or collectively, with or without formal protocols. Pausing as a general construct
and strategy can potentially advance safety and learning in medicine. Yet, to date, we
do not have a theoretical understanding of what constitutes a pause and how pausing
might benefit clinical outcomes and spur cultural changes.™

In the following, we aim to explicate the importance, processes, and training of the
medical pause. First, we will focus on the unique advantages of pausing: intercepting
negative momentum and promoting learning (Importance). Second, we will describe a
new conceptual framework of pausing by analyzing its constituent cognitive processes
(Processes). Third, moving from a theoretical basis to practical implementation, we will
suggest several strategies to train pausing within the medical curriculum (Training). Based
on our combined experience in both educational psychology and clinical work, we will
infegrate existing theories from various fields (e.g., cognitive psychology and complex

learning), resulting in a systematic conceptualization of the medical pause.

2. Importance: The Strengths of Pausing

Problem solving is one of the major approaches to clinical reasoning.™ Using an elabo-

151 and cognitive load theory,"” we will describe

rated version of dual-process theories
how clinical problem solving is guided by three different levels of cognitive control: skill-

based, rule-based, and knowledge-based control (Figure 3).
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Figure 3. Three levels of cognitive control in real-life problem solving (skill-based, rule-based, and
knowledge-based)

Control level Task Process Solution Cognitive load
NG Unfamiliar | BRI Provisional High
based interpretation
Rule-based Familiar R.UIE. Fixed Medium
application
Skill-based Routine Autopilot Instantaneous Low
Slow-down |« ==> Speed-up
Input Output

Note. The two-way arrow on the right side represents two different directions in focus changing across these
levels (slowing down and speeding up)

Skill-based control (SC) is activated when dealing with a routine task, using cognitive
rules internalized through repetitive practice. When faced with a patient who has ven-
tricular fibrillation, an experienced emergency physician can quickly ensure that the
team prioritizes chest compressions and defibrillation. With years of training and expe-
rience, this process becomes automatic and intuitive (i.e., autopilot). When problems are
not entirely routine but familiar enough to apply internal or external rules, rule-based
control (RC) is initiated.'® Using checklists during surgical timeouts or following step-by-
step instructions for procedures like central line insertion are examples of this process.
For atypical and novel problems, knowledge-based control (KC) is stimulated, where
“knowledge” means mental models or schemas of a domain that reflect how concepts
in the domain are structured.'® When diagnosing a patient with a complex presentation
(e.g., adrenal insufficiency as a cause of hypotension), a physician may need to consider

alternative diagnoses by reflecting on similar cases and building upon relevant knowl-
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edge. Whereas the level of conscious control and its derived cognitive load are highest
in the case of KC, they are lowest when practicing SC."

In real-life problem solving, these three levels run in parallel, with weighted focus de-
pending on the activity.'® Figure 3 depicts how this focus shifts across the levels: slowing
down? as the focus moves from SC to KC, and speeding up when the opposite is true.
During a routine operation, a surgeon who notices atypical anatomy would pause the
procedure to reassess a list of alternatives and carefully apply the selected alternative
(i.e., slowing down). Once this step is completed, this surgeon would return to the faster
autopilot mode (i.e., speeding up). Note that this transition is feasible only for experi-
enced performers since novices can neither identify cues that initiate the transition nor
effectively change their focus as they lack structured schemas and skills.

While the speeding-up process has been highlighted in the professional skill acquisi-
tion literature,? the slowing-down process has been emphasized in the context of safety
culture and expertise maintenance in medicine.?? Moulton et al. identified slowing down
as a crucial component of medical expertise, coining the phrase “slowing down when
you should.”?® They characterized pausing as the most extreme form of slowing down.?
While slowing down has been described as a cognitive process that may accompany
physical manifestation, we further specify pausing as a cognitive and temporal process
grounded in the physical world. This physicality grants pausing two unique advantages:
pausing allows for (1) explicit interception of negative momentum, and (2) dedicated
time for necessary processing at the KC level, such as learning.

In experimental psychology, negative momentum is a state stimulated to move away
from desired goals.?> Using an analogy from physical laws, the psychological state keeps
its current motion, unless extra force is applied to change that state.? We identified two
examples of negative momentum in medicine: the hurry-up syndrome? and drifting.?
The term hurry-up syndrome has been used in aviation safety research which reveals
that time pressure is significantly correlated with errors and safety risks.?” In medicine,
time pressure and clinical acuity can cause the hurry-up syndrome, resulting in medical
errors and safety issues. Facing this negative momentum, novices tend to act quickly
but inappropriately. To encourage them to rather stay undetermined and take a pause,
experienced surgeons teach their residents the phrase, “Do not just do something, stand
there.”®

While this undetermined neutral status can be beneficial sometimes, mind wandering
or inattentiveness can be less advantageous, comprising another example of negative
momentum.?® Contrary to the hurry-up syndrome, drifting is the distracted state arising
from “boring” tasks and complacency.? During routine tasks in an operation, surgeons
could become careless and join extraneous chatting with colleagues, failing to monitor

adverse events as they emerge.? They inappropriately remain at the SC level, without
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allocating the cognitive resources that are freed up by automatic processing to essential
activities.

Atfter direct interruption of these types of negative momentum, pausing inserts a certain
period of time that not only makes the interruption stronger but also facilitates additional
processing at the KC level. We postulate that this processing promotes learning since it
allows for a reconstruction of schemas. Ericsson?” argued that expert performance can be
maintained by continuously seeking out learning opportunities, referred to as deliberate
practice. Deliberate practice includes resisting the tendency toward complacency and
deliberately reconstructing schemas by spending additional time analyzing everyday
performance.?? Since learning opportunities from pausing arise during performance,
they are strongly fostered by fresh memories and embodied experiences that pre- or
post- timeouts cannot provide.

The benefits of pausing are evident and long-term compared to the costs. Rall et al.?
have shown that, if trained sufficiently, only 10 seconds of timeout can be effective to
improve performance in an emergency setting. The time lost taking timeouts is offset by
improved team action, while the delay does not significantly jeopardize performance.®
Moreover, enhanced safety will not only prevent patients from suffering from compli-
cations but also protect healthcare professionals from suffering psychologically from

medical errors.%°

3. Processes: Key Components of Pausing

We identified two phases of pausing: the decision-making phase to determine when
and how to take pauses, and the executive phase to apply cognitive activities such as
relaxation and reflection during the pauses. To make pausing skills effective, multiple

cognitive and metacognitive processes must be functioning across these phases.

3.1. Decision-Making Phase

While negative momentum should be interrupted, there is also positive momentum that
should not be interrupted but rather supported during medical workflow; in other words,
“not slowing down when you should not.” In extreme circumstances where expediency
must be prioritized (e.g., emergency cesarean section), the opportunity to slow down
does not exist. In team performance, taking an individual timeout could interrupt collec-
tive performance. Literature in psychology and brain sciences has confirmed that slowing
down may impair performance depending on the situation.®"*2 Therefore, deciding on
whether or not to pause becomes a highly advanced clinical judgment, involving time

management to assess the time available and the risk of using the time.?
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Planning. The deployment of pauses can take two forms: proactive planning or re-
sponsive improvisation.®® Pausing can be proactively planned before a task, by identify-
ing landmines that require special attention.* These landmines are determined by assess-
ing the task complexity and the performer’s own capability. Through this assessment and
mental simulation, one can establish a game plan® where measures for the landmines
are arranged. For instance, a surgeon who previously experienced difficulties performing
lung resection might plan a pause before the challenging portion of the procedure. Expert
performers are good game planners who excel in predicting what is going to happen
during a procedure, thanks to their superior mental simulation.®

Improvising. Responsively improvised pauses, on the other hand, take place when
encountering unexpected events (e.g., recognizing an abnormality in patients” anato-
my during surgery) or unsolvable problems (e.g., initial treatment not working during
resuscitation). Realizing unexpected landmines along the way, performers must make
emergency decisions on taking a pause. This form of decision-making is extra demand-
ing because it involves the adjustment of the original game plan, quick problem solving,
accurate calculation of the time available, and constant vigilance for signals to pause.®

Self-monitoring. Although this vigilance is a prerequisite for pause deployment, the

t.** In considering this

negative momentum is sometimes the result of vigilance decremen
dilemma, we argue that introducing metacognition®®, another level of cognitive processes
that can oversee cognition itself, might be a solution. Self-monitoring is a metacognitive
process to supervise one’s own thoughts and mental status.’® Overseeing one’s own
monitoring capability could be a measure to help prevent vigilance decrement.

Cognitive load. We use cogpnitive load theory (CLT)'*? to further explain what and
how to self-monitor. CLT presumes that diverse mental processes evoke cognitive load
on working memory and that task performance deteriorates if the load exceeds working
memory capacity. Research has shown that vigilance produces a tangible amount of
cognitive load,***” which means performers should always reserve sufficient capacity for
this process in working memory.?® To stress the importance of this reservation, we suggest
a new typology of cognitive load: primary load (PL) caused by domain-specific primary
tasks (e.g., a surgical task), secondary load (SL) from domain-general processes that
support the primary tasks (e.g., self-monitoring during surgery), and extraneous load
(EL) that does not contribute to the tasks (e.g., distracting conversations during surgery).
Thus, the targets of self-monitoring are narrowed down to two constructs: whether the
room for SL is reserved and whether the total load is below the limit.

Conceptualizing cognitive load and its typology with explicit terminology guides
performers on how to self-monitor. It facilitates the conscious control of behavior,*® pro-
viding a useful internal cue for self-monitoring that can be measured by introspection.®

In various medical domains, cognitive load is known as a valid indicator of expertise,
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performance, and learning.3*#? The internality of the cue is valuable in many domains of
medicine, where access to information on decision support may be limited and profes-
sionals often work alone or with less experienced staff who may not be able to provide
high-quality feedback.?®

Collective decision-making. In team performance, more external cues and inter-
ventions are necessary. To develop external cues, the team could use real-time clinical
decision support*® and encourage themselves to think aloud during performance. Based
on this shared mental profile, the team leader or a separate overseer could make de-
cisions to improvise pauses. When the cues are insufficient, forced pauses initiated by
formal timeout protocols can be of benefit.** I-PASS** and SBAR*® are good examples

of organizational efforts to implement interventions to facilitate medical pauses.

3.2. Executive Phase

Once a decision to pause is made, the processes to optimize internal and external re-
sources ensue to redirect the negative momentum. In the stress literature, this optimization
is essential to titrate the stress level below distress while maintaining the eustress status,
thereby maximizing performance.*#® Similarly in CLT, to promote performance and
learning, cognitive load should be kept below working memory capacity, but not too
low in order to maintain PL and SL.

We identified two types of processes to find the optimal level: relaxation that reduces
overload in working memory, and reflection that interconnects working memory and
long-term memory to restructure schemas. In difficult resuscitation cases, a physician may
pause the case to calm down (relaxation) and “recap” the current situation by summariz-
ing previous performance, asking for others’ ideas, and preparing next priorities, based
on experience and knowledge (reflection). Experienced physicians are reportedly better
skilled in these coping strategies,*' likely because of their honed reasoning based on the
assessment of internal and external resources in given situations.*?

Relaxation. Figure 4 describes the state transition of the cogpnitive load level triggered
by several factors as well as relaxation and reflection. The state of being overloaded,
sometimes referred to as “helmet fire,” is caused by adverse events such as time pressure,
life-threatening complications, and overwhelmingly complex task environments. This
results in acute stress and heightened emotions, contributing to either PL or EL depending
on the task.>® Through relaxation processes, the overloaded state can transition to the
freed-up state, as the source of overload is managed or the depletion of working memory
is recovered through cogpnitive rest.”

Among several relaxation techniques,®? deep breathing has been recommended for
clinical settings as the fastest and simplest technique.>® Deep breathing, or diaphragmatic

breathing, works as a brief form of meditation inserted within performance.>* Empirical
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studies show that it reduces stress, anxiety, self-doubt, and cortisol levels,*® also benefit-
ing performance and learning, such as working memory enhancement, and motor skill

acquisition and retention.’**”

Figure 4. The cognitive load state transition

Relaxation Reflection

(e.g., deep (e.g., schema O Working

breathing) restructuring) memory
FTTLIL &

Overloaded |kt > Freed-up ] Spare

capacity

Speed up . Cognitive
(e.g., autopilot) load

Adverse event
(e.g., complication during surgery)

Note. The transition is triggered by relaxation and reflection during pauses, as well as speeding up and adverse
events. Since some tasks do not allow for the opportunity to take a pause, deciding on whether or not to pause

becomes a highly advanced clinical judgement.

Reflection. The freed-up state is a transient phase where relaxation or the speeding
up processes have created spare capacity for potentially any type of cognitive load to
be imposed. This spare capacity can be filled with either positive sources (PL and SL) or
rather negative sources (EL). Through reflection, positive load is activated and the freed-
up state transitions to the effortful state. In this state, cognitive resources are reallocated
more efficiently to maintain control over performance.

Reflection is a form of cognitive restructuring vital in every practice of medicine.® By
inferconnecting working memory and long-term memory, it allows for creative solutions
or a “fresh look” by redefining the given problem. Reflection may improve learning as
well as performance,*® since the act of cognitive restructuring promotes the development
of mental models. Diverse medical training has included reflective activities to promote
learning processes. '%¢°

Drifting. When spare capacity is devoted to EL (e.g., listening to the radio during
surgery), the freed-up state transitions to rather negative states such as drifting, where
cognitive resources are not invested in essential monitoring activities. By removing the
source of EL (e.g., turning off the radio), this state may revert to the freed-up state and

move forward to the effortful state by increasing SL.
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4. Training: Practical Implementation

Now that we understand the importance and processes of pausing, the next issue to
be addressed how to train it. We suggest that (1) pausing should be trained within the
regular medical curriculum from the start (intertwining), (2) customized support should
be provided until the learner can make pauses independently (scaffolding), and (3)
auxiliary tools (e.g., checklists) and learning environments (e.g., computer-based sim-

ulation) can be used.

4.1. Intertwining and Scaffolding

Pausing skills cannot be taught by a separate course alone since it is a domain-general
secondary skill that is interlaced with domain-specific primary tasks.' Research in educa-
tion has shown that teaching secondary skills outside of primary skills training consistently
fails.®" Moreover, transitioning between different cognitive control levels is not feasible
without domain-specific schemas in long-term memory. Thus, it is necessary to intertwine
pausing skills training with a primary skills training curriculum from a very early stage.
Given this necessity, the question that arises next is how to guide novices throughout the
curricula. Making a pause meaningful is a highly advanced skill that requires clinical
expertise and workplace experience. According to instructional design models, *® training
programs for complex skills should be presented in a simple-to-complex manner, through
scaffolding where support and guidance gradually decrease as learners become more
experienced. While scaffolding is generally referred to as a technique for domain-specif-
ic skills, second-order scaffolding is the technique designated for domain-general skills."

Figure 5 demonstrates a second-order scaffolding model for pausing skills. Since
practical skills such as pausing can only be taught by hands-on experience,®? some
degree of direct control to initiate pauses should be granted to learners throughout a
program. During this program, supervisors have a dual responsibility: they must transfer
short-term and direct control to learners while maintaining global control of the training.®®
To find a balance, supervisors should first assess the learner’s level of competence, after
which both supervisor and resident can negotiate the distribution of control. The degree
of supervisor control should be maximized for beginners (i.e., external-regulated) and
gradually reduces in favor of learner control as the learner becomes experienced |i.e.,
self-regulated).

To teach proactive planning of pausing, learners should have the opportunity to plan
for a scenario, rather than merely having a brief look at the patient chart. During this
activity, supervisors should provide a framework to predict the landmines that require
special measures. By explicitly locating the required focus, learners can deploy either

informal or formal timeouts. To maximize learning opportunities, this plan should be
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thorough and specific to a particular case (e.g., “for this scenario, | will pause to be

extra reflective at this point”).63

Figure 5. Second-order scaffolding to improve pausing skills.

Degree of
control

External-
regulated

Self-

regulated

'
- ntermediate
Planned . - .
pausing Supervisor-plan Shared planning Trainee-plan
improyised Supervisor-control Shared control Trainee-control

Skill
development

pausing

Note. While first-order scaffolding applies to domain-specific skills, second-order scaffolding pertains to
domain-general skills. As a learner becomes more experienced, the supervisor’s support in planning

Learners can train improvisation of pausing by modeling the initiation of in-action pauses.
In the case of novices, the supervisor should take full control of such initiation, while
the learner acts as observer. By attending various unexpected real-life events (e.g.,
manpower shortage, malfunctioning equipment), the learner can develop his or her
own measures (e.g., “if this happens to me, | will quickly assess how much time | have
and initiate a timeout”). As the learner becomes more experienced, the supervisor’s
support in planning and improvising would gradually disappear, eventually resulting in
full control by the learner.

In many training programs, prompting learners to construct such If-Then cognitive
rules'® as an anticipatory strategy is already a common teaching method. Thus, integrat-
ing these cognitive rules for pausing might be easily embedded in existing programs.
Additionally, using auxiliary tools such as checklists or debriefings can be a beneficial
approach to scaffolding. For instance, diagnostic checklists can help learners to train
what to reflect on during pauses. Debriefing about how the executed pauses contributed

to performance could also afford additional learning opportunities.

4.2. Simulations With a Pause Function

Simulated task environments offer favorable learning opportunities for medical training.'®

They present diverse scenarios without risking patient safety or loss of materials, provide
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better control over the format of learning content (e.g., sequence of tasks, support and
guidance), and make it possible to pace the task progress. This flexibility in format and
pace facilitates second-order scaffolding for pausing skills: Instructors can tailor their
level of intervention to teach pausing by modulating the task progress, as learners’
competency grows.

A promising way of training pausing skills is fo use computer-based simulation (CBS)
which allows for easy installment and practice of pause functions. Diverse CBS formats,
such as web-based multimedia, serious games, and virtual or augmented reality, have
been used to replicate clinical settings.*** In any given format, learners can practice
the planning and improvisation of pauses merely by pressing a pause button. Empirical
studies have shown that novices experience more cognitive load during CBS training than
experts do, and that pausing may significantly help them to manage this load, especially
during moments of panic (e.g., when virtual patients have a seizure).***> However, since
students reportedly tend not to understand the importance of pausing,®® CBS training
with a pause function should include specific instructions for students to acknowledge
the importance fo initiate effective pauses by referring to relevant cues.

Another advantage of using CBS is that it produces objective real-time data (e.g.,
log data of serious games) about performance that can be used as these cues. By
integrating it with other types of data such as eye movements, the data can become
even richer. Eye-tracking is a novel technique that provides specific information about
users’ cognitive processes during human-computer interaction.®® For instance, the level
of self-monitoring or vigilance can be measured by recording how gazes are allocated
across different objects.*® The level of cognitive load can be also measured in real time

via pupillometry.#"¢”

5. Discussion

In this article, we identified pausing as a professional skill used to interrupt negative mo-
mentum and facilitate reflective performance and learning. The constituents of pausing
skills were categorized into two phases: the decision-making phase (planning, improvis-
ing, and self-monitoring) and the executive phase (relaxation and reflection). We argued
that training programs should be systematically designed to cultivate pausing skills.
The main contribution of this work lies in that it connects key concepts in safety culture
that have been discussed in different contexts and brings them back to the fundamental
principles of the medical pause. We have linked the practical observations and strate-
gies from studies on slowing down phenomena identified by Moulton et al.*?*3% and

checklists by Pronovost et al.®®7° We then recognized the cognitive mechanisms shared
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between the basic concepts in these studies and integrated them within a broad range of
clinical activity. This will move the literature one step further as it supports the arguments
of the previous studies on formal or informal timeouts and allows future researchers to
build upon the literature through our newly developed understanding. Moreover, since
the idea of the medical pause can be easily applied to various health professions, more
practitioners may consider how to adopt a simple habit of pausing, allowing the existing
discussions on slowing down and checklists to develop.

Another contribution of this work is that it provides practical techniques to imple-
ment pausing in training programs as well as examples of application, which serves
as a translational education effort. This provision may be of value to educators seeking
to design better training programs that foster the habit of reflective practice. They can
start by introducing simple applications such as checklists that prompt learners to plan
and improvise pauses on their own. Moreover, we discussed cognitive constructs using
the new terms of primary and secondary cogpnitive load, which may facilitate explicit
communication for supervisors and learners to jointly develop second-order scaffolding.

We identify two limitations to this work. First, we did not consider other factors that
might influence the practice of pausing (e.g., personality, emotions, social pressure). For
instance, social pressure to make enjoyable conversation during an operation would
likely affect the decision-making of pausing. This social aspect of pausing can be further
studied in the field of social capital in medicine. Second, since we mainly focused on
theoretical conceptualization, empirical evidence is lacking. We, therefore, welcome
future studies that empirically verify the effects of medical pausing on performance and
cognitive load, and the pragmatic consequences of pause training.

Medical practitioners, being either overloaded or underloaded, can lose control over
their performance leading to undesirable consequences. To improve patient safety by
effecting cultural and fundamental changes, the acknowledgment of the medical pause
should be nurtured through communication, education, and skill-building opportunities.
As a result, mastering the medical pause may become an integral part of clinical exper-
tise, in such a way that medical professionals strategically deploy pauses in the heat of

the moment by knowing when and how to pause.
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Chapter 3

Abstract

Computer-based simulation games provide an environment to
train complex problem-solving skills. Yet, it is largely unknown
how the in-game performance of learners varies with different
levels of prior knowledge. Based on theories of complex skill
acquisition (e.g., 4C/ID), we derive four performance aspects
that prior knowledge may affect: (1) systematicity in approach,
(2) accuracy in visual attention and motor reactions, (3) speed
in performance, and (4) cognitive load. This study aims to empir-
ically test whether prior knowledge affects these four aspects of
performance in a medical simulation game for resuscitation skills
training. Participants were 24 medical professionals (experts,
with high prior knowledge) and 22 medical students (novices,
with low prior knowledge). After pre-training, they all played
one scenario, during which game logs and eye movements
were collected. A cognitive-load questionnaire ensued. During
game play, experts demonstrated a more systematic approach,
higher accuracy in visual selection and motor reaction, and a
higher performance speed than novices. Their reported levels
of cognitive load were lower. These results indicate that prior
knowledge has a substantial impact on performance in simula-
tion games, opening up the possibility of using our measures for

performance assessment.

Keywords: Assessment, prior knowledge, simulation game,

serious game, cognitive load, eye-tracking
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1. Introduction

Computer-based simulation games (CBSG) are effective learning environments for com-
plex skills. As simulations, they approximately replicate the complexity of real-life situa-
tions,' and as computer games, they provide a package of problems that are causally
connected, based on learners’ interaction with the game.? In this simulated problem-solv-
ing environment, learners can train specific professional skills in areas such as aviation,
business management, and medicine.>*

However, CBSGs face a challenge in that the performance of a learner in the game is
difficult to assess via traditional measurements such as achievement tests.® This challenge
is mainly due to the open-ended nature of CBSGs,” which allows for a large number of
different behaviors. Therefore, recent research has focused on tracking users’ in-game
behaviors by looking at game data such as serious game analytics.3 These studies
identified several limitations: Data analysis without involving educational theoretical
principles often fails to fully account for students’ performance,® game logs without
translation info high-level meaningful actions can yield confounding information,'® some
important factors such as timing cannot be explained by analyzing sequences of events
only," and empirical studies about how game data can be informative for performance
assessment are scarce.®'?

We believe that theories of complex skill acquisition might help to develop perfor-
mance assessments in open-ended game environments. We view the playing of a CBSG
as a problem-solving process in which domain-specific prior knowledge (DSPK) has an
essential role. DSPK comprises knowledge structures in long-term memory, also known as
cognitive schemas.” Without these schemas, learners depend on domain-general prob-
lem-solving strategies which are inefficient and time-consuming and, most importantly,
hamper the schema construction processes.™ This means that playing a CBSG without
sufficient DSPK might lead to suboptimal learning. The goal of this study is to empirically
examine the effect of DSPK on game performance by comparing learners with two dis-
tinct levels of DSPK: learners with high DSPK (i.e., experts) and learners with low DSPK
(i.e., novices). To this end, we develop specific assessment constructs and corresponding
indicators, based on theories of complex skill acquisition.

In this introduction, we will first theoretically compare how experts and novices gen-
erate problem solutions, suggesting aspects of problem-solving performance that are
directly affected by the level of DSPK. We will then discuss how to define indicators of
these aspects by decomposing the skill structure hierarchically. Finally, we present the
hypotheses of this study.
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Figure 6. The model of problem solution generation by experts and novices

Low DSPK (novices) High DSPK (experts)

) 4 / Unstructured domain \\: }"/ Structured \
Declarative level N models \ domain models /
(Domain models) N N -

\ Ve ~ ~
N / \ \
Knowledge-
Procedural level Weak methods based methods Stro(l:gﬁit;ods
(Cognitive strategies) | (non-routine)
\.
/ 4

Task performance Procedure with

(Solution generated) Inefficient Incorrect cognitive
approach rules

Procedure with
correct cognitive
rules

Systematic
approach

1.1. Problem Solution Generation by Experts and Novices

Figure 6 provides a process model that shows how experts and novices generate prob-
lem solutions differently, adopting concepts from the four-component instructional design
(4C/ID) model.”® The process involves two types of knowledge in long-term memory:
domain models (i.e., schemas of how a domain is organized) at declarative level, and
cognitive strategies (i.e., schemas of how to approach problems in the domain) at proce-
dural level. Assume a continuum with novices with low DSPK at one extreme and experts
with high DSPK at the other extreme.

For novices, since their domain models are not yet structured, weak methods (i.e., slow
and inefficient general problem-solving strategies such as general search or working
backward' are the only cognitive strategies they can use when solving a problem. This
leads to inefficient approaches to the problem, and also to procedures with incorrect
cognitive rules at the level of task performance (i.e., solution generated). For experts,
on the other hand, well-structured domain models are interpreted and transformed into
two types of stronger cognitive strategies: knowledge-based methods (i.e., heuristic
strategies) and strong methods (i.e., algorithmic strategies).™ Knowledge-based methods
guide students to reason within the domain and systematically approach non-routine
aspects of the problem (i.e., systematic approach). When a certain aspect of the given
task is consistently repeated (i.e., routine aspects of tasks), cognitive if-then rules may be
formed as strong methods. These rules provide algorithmic solutions to routine aspects
of the task by matching conditional information in working memory (i.e., if part) with a

coordinated reaction (i.e., then part), resulting in procedures with correct cognitive rules
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at the task performance level. As a function of extensive practice, the cognitive rules can
be strengthened and eventually become fully automatized, leading to higher speed in
performance.”

Additionally, the schemas embodied in long-term memory cause one more distinction
in task performance between experts and novices: reduced cognitive load resulting
from optimized use of working memory. Problem-solving with weak methods imposes a
heavy demand on cogpnitive resources in working memory, ' introducing high cognitive
load or even cognitive overload.'” However, with the availability of knowledge-based
methods, cognitive schemas relevant for problem-solving are stored in long-term memory
and retrieved into working memory as one element. Moreover, with fully automatized
strong methods, cognitive schemas are activated directly without placing any demand
on working memory resources, which further frees up working memory.?

Consequently, we derive four constructs that represent aspects of task performance
that are affected by DSPK: (1) systematicity in task approach [i.e., representation of
acquired strategies), (2) accuracy in applying cognitive if-then rules (i.e., representation
of formed cognitive rules), (3) speed in performance (i.e., representation of the strength
of those rules), and (4) reduced level of cognitive load (i.e., representation of optimized

process).

1.2. Skill Decomposition

While the four aspects of task performance are applicable to all task environments, indi-
cators to assess these aspects will be specific to a particular task environment. Research-
ers have strongly recommended that, to assess a certain task performance, constituent
skills and their relationships should be identified in a process of skill decomposition.'>?
We deem that skill decomposition allows identification of the indicators of the four con-
structs mentioned above to be precise and theoretically sound.

The domain of this study is a resuscitation procedure, called the ABCDE method. The
five letters ABCDE represent the five phases (i.e., Airway, Breathing, Circulation, Disabil-
ities, Exposure) that a task performer goes through sequentially to stabilize an acutely
ill patient. The sequence should be rigidly followed, based on the principle “treat first
what kills first”. AbcdeSIM?2, a CBSG for training the ABCDE method, is employed as
the task environment. We decompose the task and develop a skill hierarchy by using Lee
and Anderson'’s task analysis method?*2* (Figure 7). In the hierarchy, the task-goal (i.e.,
stabilization of patient) is gradually divided into three levels: unit-task level, functional
level, and physical level. To achieve the task-goal, unit-tasks (i.e., the five phases in the
ABCDE method) are arranged accordingly. Each unit-task comprises multiple sub-tasks
at the functional level (i.e., diagnosis and intervention). Every functional task is linked

to individual activities at the physical level (e.g., look at “VFM”, click “Talk to nurse”).
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What one can empirically measure is this physical level only, while other levels represent

cognitive performance.

Figure 7. Skill hierarchy of AbcdeSIM.
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Note. The task-goal is divided into three levels: unit-task level, functional level, and physical level.

This hierarchy guides us in the development of the indicators of the four constructs, by
identifying different task levels. For the first construct (systematicity), a systematic ap-
proach in the ABCDE principle can be defined as a high level of adherence to the order
of the five phases at the unit-task level. The challenge of measuring this construct is that
the systematic approach is not directly observable at the physical level. To see this, note
that the knowledge-based methods deal with non-routine aspects of a task, using the
same knowledge differently based on rules-of-thumb." An action that is associated with
a certain ABCDE phase can also be taken during other phases strategically. Thus, an
irregular ABCDE sequence observed at the physical level does not necessarily represent
irregular performance at other levels. Consequently, the indicator of this construct should
concern the hidden cognitive performance at the unit-task level, rather than analyzing
the physical level only.

For the second construct (accuracy in applying cognitive rules), we recall that cog-
nitive rules consist of if and then parts. In CBSGs in general, the if part emerges as in-
formation gathering via visual selection (i.e., looking at a particular part of the screen),
while the then part corresponds to motor reaction to the task environment (e.g., mouse

clicks or keyboard input). The accuracy in visual selection and motor reaction might
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reside at the functional level in the skill hierarchy. This construct can be directly detected
by observing the physical level, because the strong methods deal with routine aspects
of a task, referring to the same use of same knowledge. ™

The third construct, the strength of cognitive rules, is situated in the connection between
the sub-tasks at the functional level. If this connection is strong and stable, certain motor
reactions at the end of a series of cognitive rules will be performed fast. The indicator of
the strength should be the speed of this motor reaction, observed again at the physical
level.

Lastly, the construct of reduced cognitive load originates from well-structured cogni-
tive schemas. The entire structure of the skill hierarchy shows how the relevant cognitive
schemas in long-term memory are developed, resulting in optimization of use of working

memory. The degree of optimization can be indicated by the level of cognitive load.

1.3. Hypotheses

Four hypotheses will be tested in the current study:

H1 (systematicity in approach). Participants with high DSPK (i.e., experts) show higher
systematicity in approach than participants with low DSPK (i.e., novices) during perfor-
mance in the AbcedSIM, demonstrating higher level of adherence to the ABCDE phases.
H2 (accuracy in applying cognitive rules). Experts show higher accuracy in visual se-
lection (H2a) and in related motor reactions (H2b) than novices.

H3 (speed in performance). Experts show higher speed in performance than novices.
H4 (reduced cognitive load). Experts experience lower cognitive load than novices.
Table 1 provides an overview of the constructs, hypotheses, and indicators. Details of

indicators are described in the following method section.

Construct Hypothesis Indicators

- Hidden Markov model score that
measures fo what extent the order of
the five phases was kept

Experts adhere to the five ABCDE phases
more rigidly than novices

Systematicity in approach (H1)

Accuracy in visual selection (H2a)

Accuracy in motor reaction (H2b)

Speed in performance (H3)
Cognitive load (H4)

Experts allocate more visual attention
to critical diagnosis areas (CDA) than
novices

Experts complete functional tasks more
accurately than novices

Experts complete functional tasks faster

Experts’ richer and more automated
schemas require less working memory
capacity

- Proportion of dwell time in CDA
- Proportion of fixation count in CDA
+ Proportion of fixation duration in CDA

- Intervention completion score

- Time on intervention tasks

- Cognitive load questionnaire score
- Average fixation duration

- Fixation frequency

- Transition rate
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2. Method

2.1. Participants and Design

Participants (N = 46) were recruited on a voluntary basis from a medical center in the
Netherlands. For the expert group, residents in their second to fifth (final) year of res-
idency training with an average 3.0 years of experience in emergency departments
(SD = 2.1) were recruited (n =24, mean age 31 years, SD = 4.2, 17 females). For the
novice group, medical students in their second to sixth academic year who had been
taught the basics of emergency medicine but had received no training were recruited
(n=22, mean age 23 years, SD=2.0, 12 females). A causal-comparative design is

adopted with the level of expertise as the single factor.

2.2. Material and Apparatus

2.2.1. Abcdesim Game Set-Up
AbcdeSIM is a medical simulation game to train the ABCDE method for resuscitation. The
game starts with a storyline where users meet a virtual patient in an emergency room. The
users are provided with tools for diagnosis (e.g., stethoscope, penlight) and intervention
(e.g., infusion fluids, medication). Human physiology (e.g., respiration, circulation) of the
patient is implemented in the game, giving feedback on user’s interventions. A regular
adult patient scenario, hemorrhagic shock due to gastrointestinal bleeding (GIB), was
used. GIB is a scenario where learners should follow the basic ABCDE method, with
most emphasis on the circulation phase. During the experiment, the game was run on a
personal computer (Intel Core i7 2.67GHz CPU, 1.98 GB RAM) and presented on a Dell
22 “LCD screen with a resolution of 1650 x 1080 pixels. Participants used a headset for
sound effects and interaction with the simulation was done via the mouse.
2.2.2. Eye-Tracking and Game-Log Recording

The game log data were saved in JSON file format (www.json.org). Participants’ eye
movements were measured by an SMI RED remote eye-tracker (SensoMotoric Instru-
ments GmbH, Teltow, Germany) with a sampling rate of 250 Hz. The SMI Experiment
Center 3.5 software (version 3.2.11, www.smivision.com) was used to implement cali-
bration, validation, stimulus presentation, and screen recording. Eye movement data was
gathered via SMI iView X software (version 2.7.13).

2.2.3. Cognitive Load Questionnaire

The NASA Task Load Index (NASA-TLX)?® was used as a validated self-report ques-
tionnaire of cognitive load. It is a mental workload assessment tool for human-machine

interaction domains such as aviation and aeronautics,? healthcare,? and socio-technical
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fields.?82” The NASA-TLX provides an overall workload score with six subscales: mental
demand, physical demand, temporal demand, performance, effort, and frustration. Cer-

tain wordings of the questionnaire were adapted to fit the game environment.

2.3. Procedure

Individual sessions were carried out in an eye-tracking laboratory at Maastricht Uni-
versity. First, participants were asked to sign an informed consent form and fill out a
questionnaire about demographics and experience in emergency medicine. Then, a
pre-training was provided to ensure that the level of game-specific knowledge (i.e.,
how to operate the game) was comparable between the expert and novice groups.
After pre-training, additional time for participants to play around with a test scenario
was given, to allow them to familiarize themselves with the game. When participants
expressed their readiness, the GIB scenario was presented. The eye-tracking system
was calibrated, and validation followed directly. Participants had to stabilize the virtual
patient in a maximum of 15 minutes, shown with a timer visible on screen during the
entire session. After the scenario, participants filled out the NASA-TLX. The average time

to complete a session was about 50 minutes.

2.4. Data Analysis

For testing H1, H2b, and H3, the data from game logs was used, while eye-tracking
data was employed for testing H2a and H4. Parsing of the game logs was performed
using Python. Eye-tracking data of three experts and two novices were excluded due to
low tracking ratio below 85%. The average tracking ratio after the exclusion was 94.9%.

Statistical analysis for each construct was performed in R version 3.5.1.%°

2.4.1. Systematicity in Approach (H1)

We consider Hidden Markov Models (HMM) a suitable method to develop a score for
measuring systematicity in approach, since they can be used to model hidden state tran-
sitions (i.e., phase arrangement at the unit-task level) based on a sequence of emission
states (i.e., arrangement of motor reactions observed at the physical level).®' The prob-
ability structure resulting from fitting the HMM to participant data contains information
about the level of the adherence to the ABCDE sequence in hidden states. We used this
probability structure to compute our score for systematicity in approach.

To do this, first, we classified the functional tasks of the GIB scenario into each of the
ABCDE phases. Then, user-input data relevant to these functional tasks was extracted
from the raw data in the game log file. The extracted data comprises the emission state
sequences of ABCDE for each participant. A HMM is fitted to the sequences, resulting

in a probability structure with two matrices: a state transition probability matrix and an
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emission probability matrix. From these matrices, we developed the HMM score by
averaging the diagonal sum of the state transition matrix (TPM score) and the diagonal
sum of emission probability matrix (Rho score). The R package “hmm.discnp” was used

for these calculations.®?

2.4.2. Accuracy in Visual Selection (H2a) and Motor Reaction (H2b)

Research in visual science reports that, compared to novices, experts allocate more
attention to task-relevant than task-redundant areas.®*% In the AbcdeSIM, however,
areas with information cannot simply be dichotomized as relevant versus redundant.
Information and game functions are compactly organized within the limited area of the
screen, and the level of relevance gradually differs. Thus, we categorized the areas on
the screen into four groups in consultation with a medical professional: critical diagnosis
area with critically relevant information for diagnosis (CDA), non-critical diagnosis area
with information relevant for diagnosis to some extent but not critical (NDA), intervention
area with functions for intervention (IVA), and neutral area with additional functions
such as connecting different information (NA) (Figure 8). We hypothesized that experts
allocate more attentional resources to CDA than novices, thus formulating H2a.

All area groups mentioned above comprised areas of interest (AQls) forming the
basis of the eye-tracking data analysis.*® Since the appearance and layout of these areas
dynamically change according to users’ input and activated game function, we adapt-
ed the AOlIs accordingly. The raw eye-tracking data was analyzed by SMI BeGaze
3.6 software. Fixations were identified when the gaze velocity was less than 40 visual
degrees per second, with a minimum duration of 50 ms. Three eye-movement measures
are employed: dwell time (gaze visiting time for an AOI from entry to exit), fixation count
(number of fixations on an AOI), and fixation duration (time duration when the eye is rela-
tively still). Each measure is expected to capture different aspects of attentional resources:
time spent in the AOI, frequency of referencing the AOI, and robustness of processing the
information in the AOI. To make the measures comparable across participants, relative
values were calculated: the dwell time was divided by total play time, while the fixation
count was divided by total number of fixations during the entire scenario. The fixation

duration was divided by the fixation duration averaged over the scenario.

Visual selection and its associated motor reaction cannot be matched one-to-one, due
to the dynamic characteristic of CBSGs. Thus, the accuracy in motor reaction was oper-
ationalized independently from the visual selection. We hypothesized experts complete
more intervention tasks than novices, formulating H2b. The intervention completion score
was developed as follows. In consultation with a medical professional, we selected

five intervention tasks that are theoretically essential in the GIB scenario: oxygen mask
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application, fluid administration, blood administration, blood order, and calling gastro-
enterologists. We then calculated the completion of these interventions using a binary
measure and summed for each participant. This was done by extracting the correspond-

ing data from the game log files.

Figure 8. Areas of interest (AOI) definition

Note. Critical diagnosis area (CDA), non-critical diagnosis area (NDA), intervention area (IVA), and neutral
area (NA)

2.4.3. Speed In Performance (H3)

The relative time to complete the five intervention tasks from H2b was used as the speed
measure. To make the time on each task comparable, z-scores were used. First, we
checked whether the time-on-task per task was normally distributed. We then transformed

each time-on-task into a z-score.

2.4.4. Cognitive Load (H4)

In addition to using the cognitive load questionnaire (i.e.,, NASA-TLX) as a subjective
rating, we used eye-tracking measurements as an objective indicator of cognitive load.
Several studies have shown that high cognitive load is related with long fixation du-

.38 and high fixation frequency.’”#*' We also included transition rate (i.e., the

rations
movement from one AOI to another per second) that has been used in several studies
of working memory capacity.®® As cognitive load represents the level of optimization
of working memory, we assume that a robust transition rate might be interpreted as an
active cognitive process with an optimal use of working memory (i.e., a low level of
cognitive load). Average fixation duration and fixation frequency were calculated over
the scenario. Transition was counted using all individual AOls from the four AOI groups

aforementioned. Then the per-second transition rate was calculated.
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3. Results

All measures for each construct were compared between experts and novices by t-tests
for independent samples. When the data is not normally distributed, Mann-Whitney U
test was used instead. MANOVA was used for comparing multivariate variables. Table
2 provides an overview of the outcomes of the variables related to all constructs except

visual selectivity that is specified separately in Table 3.

Table 2. Correlation between cognitive load measures

Variable 1 2 3

1. NASA-TLX

2. Average fixation duration -14
[-.43,.18]

3. Fixation frequency -15 .39
[-.44,.17] [.09,.62]

4. Transition rate -.39* .34* .64**
[-.62,-.09] [.03,.58] [.41,.79]

Note. Values in square bracket indicate the 95% confidence interval for each correlation.
*p<.05. **p<.0l.

Figure 9. Distribution of HMM score (left) and boxplot (right)
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3.1. Systematicity in Approach

Figure 9 shows the distribution and the boxplot of HMM scores. The HMM score was
significantly different between the two groups with a large effect size ({32) =-3.49,
p=.001; d=-1.16), indicating that experts adhered better to the ABCDE sequence
than novices. There was no significant difference between groups in the length of the
ABCDE sequences.

56



How Prior Knowledge Affects Problem-Solving Performance in a Medical Simulation Game

3.2. Accuracy in Visual Selection and Motor Reaction

Error! Reference source not found. demonstrates an overview of outcomes of visual
selectivity measures for each AOI category. A MANOVA was conducted for all three rel-
ative measures of visual selectivity (i.e., dwell time, fixation count, and fixation duration)
for CDA. The MANOVA revealed a significant difference between experts and novices
(F(3,37) = 4.67, p=.007). Further, separate t-tests on the all three variables showed
significant difference: experts showed higher proportion of dwell time to total play time
with a large effect size (38) =-2.62, p=.012; d = -0.82), higher ratio of fixation count
to total fixation counts with a medium effect size (U= 123, p=.023, r=0.35), and longer
fixation duration with a large effect size (37) =-2.89, p=.006; d = -0.93) for CDA.
Different results were shown for the other three AOI categories. There was no significant
difference for NDA and NA, except for the experts’ higher fixation duration in NDA
(H35) =-2.34, p=.025; d=-0.75). As for IVA, experts showed significantly lower pro-
portion in fixation count ({38) = 2.07, p =.045; d = 0.65) and longer fixation durations
(H35) =-2.43, p=.021; d=-0.79). The intervention completion score was significantly
higher, with a medium effect size, for experts than for novices (U= 167.5, p=.027;
r=0.33).

3.3. Speed

Experts showed faster unit-task reaction time with a large effect size (1(40) =3.77,
p=.001; d=1.14). There was no significant difference in the total time on entire sce-

nario performance.

3.4. Cognitive Load
A MANOVA was conducted for all four measures of cognitive load: NASA-TLX score,

average fixation duration, fixation frequency, and transition rate. The MANOVA revealed
a significant difference between experts and novices (F(4,36) = 2.68, p =.047) in cog-
nitive load. However, separate t-tests showed diverged results. The NASA-TLX scores was
lower for experts than novices, with a large effect size ({40) = 2.33, p=.025; d = 0.70).
There was no significant difference between experts and novices in average fixation
duration (#36) =-0.41, p=.682) and fixation count ratio ({36) =-0.30, p=.763).
Experts showed higher transition rate than novices, with a large effect size ({39) = -3.09,
p=.004; d=-0.97). Convergence between the NASA-TLX score and each eye-tracking
measurement was examined via the Pearson correlation coefficient (Table 4). Transition
rate displayed a negative correlation with the NASA-TLX scores (f(39) = -0.39, p =.012)

(Figure 10), while other eye-tracking measures were correlated between themselves.
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Figure 10. Scatter plot of NASA-TLX scores and transition rate
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4. Discussion

This study aimed to empirically determine whether the level of domain-specific prior
knowledge (DSPK) affects performance in a computer-based simulation game (CBSG).
In the introduction, we argued that, to assess this performance, certain constructs should
be developed by taking theories of complex skill acquisition as a starting point. We
suggest four theoretical aspects of problem-solving performance to represent the level of
DSPK, and defined indicators of these aspects based on a skill hierarchy, which resulted
in four hypotheses. To confirm these hypotheses, game logs and eye-tracking data were
collected and analyzed, using the methods corresponding to each aspect.

Hypothesis 1 stated that participants with high DSPK (i.e., experts) show higher sys-
tematicity in their approach during performance in a CBSG than participants with low
DSPK (i.e., novices). The results of this study support this hypothesis. Systematicity for the
AbcdeSIM task environment was defined as a high level of adherence of the ABCDE
sequence at unit-task level, while flexibly adjusting task performance at physical level.
According to the result from the HMM, the experts showed a higher level of adherence
than novices to the ABCDE sequence at a hidden level. Additionally, the length of the
ABCDE sequences at the physical level did not show significant difference between
experts and novices. This implies that the important difference between experts and
novices resides in the inner structure of the task performance, rather than the amount of

physical action.
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Hypothesis 2 concerns the accuracy in applying cognitive rules, stating that experts
show the availability of more accurate cognitive rules. We decomposed the cognitive
rules into two parts specific to CBSG environments: visual input of information from the
environment (i.e., if part) and motor reactions to the environment (i.e., then part). There-
fore, the hypothesis consisted of two sub-hypotheses: Experts show higher accuracy in
both visual selection (H2a) and motor reaction (H2b) than novices.

H2a was confirmed, showing that experts have higher accuracy in visual selec-
tion of areas with critical information. This construct was operationalized as the ratio
of allocation of visual attentional resources to critical diagnosis areas (CDA). All three
eye-tracking metrics that were used (i.e. dwell time, fixation count, and fixation duration)
indicated a higher allocation to CDA for experts. Additionally, we observed a variance
between the three metrics for other areas, which can be explained by a psychological
interpretation for each metrics. Dwell time indicates the time that a participant spent
fixating on an AQI, where constituent metrics are not decomposed.“? High number of
fixation count indicates frequent reference to the stimulus,*® while longer duration of fixa-
tions can mean a longer processing time.** For the areas with non-critical information for
diagnosis (NDA), it was only fixation duration that showed a difference between experts
and novices. This could mean experts and novices refer to minor diagnostic information
by a similar amount, while experts process the same information deeper than novices.
Interestingly, for the areas with intervention functions (IVA), novices showed higher fix-
ation count, while experts showed longer fixation duration. These results suggest that
novices search more frequently for what to execute (i.e., intervention) in the absence of
an accurate diagnosis. This also can be interpreted as novices using weak methods such
as general search® and working backward.*® On the other hand, the experts seemed
to process more deeply while not searching as much as novices in this area. Since the
major components of IVA involve options of medical intervention tools, we suppose that
experts choose intervention tools more carefully without redundant searching. Conse-
quently, this leads experts to higher accuracy in their motor reactions, which supports
H2b. The results showed that experts achieve higher scores in completion of essential
interventions. Thus, Hypothesis 2 was largely confirmed: Compared to novices, experts
allocate more visual attentional resources to critical information, followed by more ap-
propriate motor reactions.

With regard to H3 which concerns speed in performance, the results confirmed that
experts show higher speed than novices in task performance. Note that cognitive rules
are formed via two sub-processes: proceduralization of abstract activities (i.e., organizing
tasks at the functional level) and specialization of these activities to a particular physical
environment (i.e., applying to the physical level).#’ Since the organization of functional

tasks should be already stable for experts, the total strength from the two sub-processes
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would be enhanced for the experts. On the other hand, although experts demonstrated
higher speed in performing specific unit-tasks that are most essential for the designated
scenario, the entire performance duration showed no significant difference between
experts and novices. Experts seem to complete the essential interventions faster, then
repeatedly perform reassessment (i.e., repetition of the ABCDE procedure to ensure the
process and monitor patients’ changes), resulting in a similar length of overall perfor-
mance time between experts and novices.

Lastly, Hypothesis 4 pertained to the lower level of cognitive load for experts com-
pared to novices. This was supported in that experts reported lower cognitive load in a
subjective rating scale (NASA-TLX), which was correlated with high transition rate. While
subjective rating scales are a well validated measure of cognitive load, the interpretation
of transition rates has been inconsistent in the literature. A robust transition rate can be
related with optimal use of working memory*3° or better integration between different

*1-33 which is on the same line with our interpretation. On the other

information sources,
hand, a high transition rate could also be connected to difficulties in integrating infor-
mation sources,* inefficient visual problem-solving strategies,® or extraneous cognitive
load caused by seductive details in multimedia learning.®

We presume that these different interpretations stem from differences in characteristics
of visual stimuli which are highly task-dependent. When a task presents static stimuli with
fixed information (e.g., static texts or figures), shifting eye-gazes between AOls might
indicate a stagnation within the same information. In this case, AOls with information
that has already been processed become irrelevant areas that does not require revisits.*>
On the other hand, when a task provides dynamically changing pieces of information,
shifts between AQls signifies rather a different kind, vigorous progress in gathering new
information. Especially in medical simulations, monitoring patients’ physiological changes
and reacting upon them constantly (i.e., reassessment) is a major part in problem-solving,
which can be facilitated by optimal use of working memory. Our result accords with the
results of a previous study in ultrasound simulation,®” which also used a medical simulation
task. Furthermore, this dynamic aspect of medical simulation tasks seems to reduce the
sensitivity of fixation duration and fixation count during the overall task performance in
measuring cognitive load, due to the fluctuation of these measures. Further research is
needed on using eye-tracking to measure cognitive load in different task environments.

The results of this study have several implications for indicator development in CBSGs.
First of all, multiple aspects of performance should be considered as a whole when
determining constructs to assess performance. Researchers in education have argued
that a well-designed performance assessment should involve all aspects of performance
containing more than one standard for each aspect, stating “one measure of perfor-

mance is no measure of performance.”*®*? We suggest that the same principle should
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be applied to assessing task performance in CBSGs. This is the most important reason
to use complex skill acquisition theories as a driving force, because it facilitates iden-
tification of different aspects of tasks as non-routine and routine, which assists further
classification of the four aspects of performance. Secondly, since constructs are abstract
and conceptualized broadly, they should be operationalized to concrete indicators that
are fully designated to a specific task. This should be done through a task analysis in
consultation with domain experts, also driven by educational theories. For instance,
systematicity in approach is one of the broad concepts we explored in this study, which
was problematic to operationalize. Thus, we robustly applied theories in complex skill
acquisition and the relevant domain (i.e., the ABCDE method), to define the indicator of
systematicity. Thirdly, this study opens the potential of combining eye-tracking data with
game-log to quantify performance in CBSGs. Since most of CBSGs depend on visual
stimuli, eye-tracking can be an important source to obtain a complete account of certain
aspects of performance. In this study, we have found two indicators from eye-tracking
(i.e., visual selection and cognitive load) that can possibly be used in CBSGs. Future
research is needed to apply these findings to assessment and the development of support
in CBSGs (e.g., student modelling to adaptively support individuals).

The insights from this study can help educators to assess students’ performance in
CBSGs and provide scaffolding to students with a low level of DSPK. For instance, they
might focus on the different aspects in students’ performance, then adjust the level of
scaffolding to enhance each aspect. When the systematicity in approach is not high
enough, instructors might stimulate the student to construct domain-specific knowledge
and strategies (e.g., advise them to consult learning resources with relevant information).
When a student concentrates on reactions only without sufficient information gathering,
they can guide the student to pay more attention to information gathering as a sound
foundation for taking actions in the game. Additionally, when the student’s cognitive load
is high, extra support could be given to manage the load. This can be done either by
reducing the cognitive load itself (e.g., providing pauses during the game or presenting
less complex scenarios), or facilitate self-regulation of students to manage their own
cognitive load.?

Several limitations of this study need to be mentioned. Firstly, our findings might not
be generalizable to other CBSG environments since the indicators were specialized
for a specific task. Future research should follow to examine how our methods can be
applied in other CBSG environments. Secondly, the participants in the expert group
were composed of residents, rather than medical doctors. In this study, we selected med-
ical students as novices and residents as experts, in order to form comparable groups.
Although it led to a better controlled experimental setup, including a wider range of

expertise levels could have yielded more informative results. Thirdly, although one could
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well argue that eye-hand coordination in performing cognitive rules is another aspect of
performance, it was not explored in this study. We rather analyzed visual selection and
motor reaction separately based on our assumption that those two cannot be matched
one-to-one in a dynamic environment of a CBSG. However, investigating eye-hand
coordination as an aspect of performance via non-linear analysis should be an intriguing
topic for future study.

In conclusion, this study has demonstrated the development of performance assess-
ment that can be used in a highly dynamic game environment. This was accomplished
by starting from theories of complex skill acquisition, identifying constructs for assessment
and valid indicators. We believe empirical investigation for reliable indicators in CBSGs
can be seen as a problem-solving process itself. As in problem-solving by experts, the
research should be driven by a certain knowledge structure (e.g., educational theo-
ries) to avoid an inefficient process and suboptimal solutions. Educational theories and
empirical experiment are in a reciprocal relationship, where one cannot stand alone
without the other.
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Appendix. The HMM score computation

We start computing the HMM score by first extracting the ABCDE phases of the subse-
quent observed actions from the log file. Next, a HMM is fitted to this sequence using an
EM algorithm, as provided by the R package hmm.discnp.?2¢° The HMM is set to have
5 inner states (actual phases) and 5 emission values (observed actions). Since fitting an
HMM using a single observed sequence is strongly dependent on the starting condition,
we initialize the HMM with a transition matrix with most probability mass concentrated
on the diagonal and upper co-diagonal, and an emission probability matrix with most
probability mass concentrated on the diagonal.

The resulting probability structure after fitting to the observed sequence contains infor-
mation on the adherence to the ABCDE order. In the transition probability matrix, the
total probability on “forbidden” transitions (e.g., jump from A to E) show how much is
deviated from the order. The probability on “forbidden” emissions (e.g., an action for
B in phase D) in the emission probability matrix shows how often actions are taken in
a wrong phase. From this obtained probability structure, we compute a score: the total
probability on legal transitions plus the total probability on legal emissions, divided by
2. This score ranges between O and 1.

Consequently, the HMM score increases when a performer keeps to the ABCDE phases
in order, while the score decreases when the performance deviates from the order. For
instance, in case of an ideal performer, the hidden sequence follows the ABCDE phases
in a complete order (e.g., A-A-A-A-A-B-B-B-C-C-C-C-D-D-D-D-D-E-E-E-E-E). The HMM
score for this example is 1.0. In the case of a less ideal performer, the sequence may
deviate from the complete order (e.g., A-A-A-B-E-C-C-E-D-B-C-A-C-B-D-C-E-C-D-E-
D-A-E-E), signifying that this performer jumped around the phases using less ideal rules.
The HMM score for this example is 0.792.
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Chapter 4

Abstract

In medical training, allowing learners to take pauses during tasks
is known to enhance performance. Cognitive load theory as-
sumes that insertion of pauses affects cognitive load positively
and thus enhances performance. However, empirical studies on
how allowing and taking pauses affects cognitive load and per-
formance in dynamic task environments are scarce. We investi-
gate the pause effect, using a computerized simulation game in
emergency medicine. Medical students (N = 70) were randomly
assigned fo two conditions: simulation with the option to take
pauses available (n=40), and simulation without the pause
option (n = 30). All participants played the same two scenarios,
during which game logs and eye-tracking data were recorded.
Overall, both cognitive load and performance were higher in
the pause-available condition than in the pause-unavailable
condition. The act of pausing, however, lowered cogpnitive load
temporarily, especially during intense moments. Two different
manifestations of the pause effect are identified: (1) availability
of pauses increases overall cognitive load by stimulating addi-
tional cognitive and meta-cognitive processes, (2) execution
of pausing temporarily decreases heightened cognitive load
through relaxation. Conclusively, our results present that it is im-
portant to guide students to utilize different effects of pausing to

enhance their performance and learning.

Keywords: Cognitive load, medical education, pause effect,

medical simulation, serious game, eye-tracking
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1. Introduction

‘Time-outs, where learners take pauses during their task performance to provide a
moment for reorientation, are well-known as an effective technique to enhance per-
formance in medical training.' The pauses can be proactively planned as a preoper-
ative briefing where performers reflect on the current diagnosis and ensure that certain
parameters have been met,* or be triggered by an unusual issue (e.g., recognition of
unusual anatomy, a patient’s unexpected reaction).? Furthermore, it has been reported
that employing time-outs in surgery substantially improves patient safety.! Clinical edu-
cators have been promoting the use of time-outs as one of the essential instructions for
trainees to enhance their performance and learning.®

Although the pause technique has received some attention in medical education, little
insight into how pauses enhance performance has been established within a theoretical
framework, nor are the insights supported by sufficient evidence from empirical research.
The present study extends the research span of the pause effect in two ways: (1) devel-
oping hypotheses about the pause effect by employing recent descriptions of cognitive
load theory, such as its application in medicine® and the connection to self-regulation,®
and (2) verifying the pause effect empirically by using a computerized medical simulation

game and objective physiological measures such as pupillometry.”

1.1. Cognitive Load Theory in Medical Education

Cogpnitive load theory (CLT) is a well-developed framework to explain the relation be-
tween instructional design, cognitive load, and learning processes. The main idea of CLT
is that various elements in instructional design evoke cognitive processes that impose
loads on working memory, and the learning processes can be optimized only when
the total sum of the loads does not exceed working memory capacity.® There are three
types of cognitive load: intrinsic load, which represents the inherent demands of a task
given the level of expertise of the task performer; extraneous load, which refers to a
detrimental load from distracting aspects of the instructional environment, and germane
load, which pertains to the mental effort directly invested in learning.”'® CLT presumes
that an optimal instructional design should keep intrinsic load to a manageable size for
individual students’ capacity, minimize extraneous load, and maximize germane load,
while still preventing overload."

In medical education, CLT offers promising applications since medicine is a highly
complex domain where multiple sets of knowledge and skills should be processed in-
teractively in working memory." Since these multiple elements should be grounded at a

physical time and place in medical training, CLT researchers in medical education stress
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not only learning but also effective performance of authentic tasks.™™ Clinical researchers
found that cognitive overload heavily degrades task performance in both simulation
and clinical practice, also described as “helmet fire”*>” Fraser et al.' explored the rela-
tionship between cognitive load and diagnostic performance in high-fidelity simulation
training. They argued that heightened emotions impose extraneous load while dynamic
interaction with simulators escalates intrinsic load, finding that performance declines as

the total cognitive load becomes too high.

1.2. Assumptions for the Pause Effect

To counteract “helmet fire”, CLT researchers suggested specific strategies for medical
training, such as segmenting, pretraining, simple-to-complex sequencing, and emotion-
al management.> |nspired by the concept of time-outs in medicine, we focus on
pausing, which we define as a possible and voluntary action that interrupts a given task
performance to provide extra time for necessary cognitive processes. We expect that this
pausing should enhance medical students’ performance by positively affecting cognitive
load in highly complex learning environments such as simulation training.

In the past, studies concerning the pause effect in CLT have yielded inconsistent
results.'”?2 We argue that these studies have a limited explanatory power for the pause
effect as defined above, as they all used relatively passive stimuli (e.g., learning from text
and pictures, instructional animations) where learners’ interaction with the task environ-
ment is extremely limited. Moreover, the pause effect in those studies is often blended with
the segmenting effect,”® because the pauses occur where the learning content is already
logically segmented by the researchers.?*% In medical simulation training, however, the
task environment is highly dynamic and interactive, where neither educators nor learn-
ers can make a clear structure of a given content a priori. We, therefore, develop two
assumptions about the pause effect based on CLT, with regard to the two major aspects
of pausing as defined above: (1) pausing as a possible and voluntary action, and (2)
pausing as insertion of extra time for necessary cognitive processes.

The first aspect, pausing as a possible and voluntary action, signifies that pausing
involves not only the act of pausing but also the arrangement of the act, given that the
pauses are available. To take pauses in medical simulation, learners need to monitor
their progress while taking the remaining time into account and decide for themselves
when to pause and for what purpose, often in the middle of intense situations. This can be
described by the concept of self-regulation which includes two subprocesses: self-obser-
vation that refers to learners’ self-recording of their personal events, and self-control that
refers to learners’ deployment of specific strategies. According to Zimmerman,? there
are three phases in self-regulation: forethought phase, performance phase, and self-re-

flection phase. The self-observation and self-control are included in the performance
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phase, which implies that these two subprocesses continue throughout the performance,
real-time.

Self-regulation in general is beneficial to performance enhancement since learners
can use their self-awareness to optimize their cognitive processes.?” However, it requires
learners to invest metacognitive resources, causing additional cognitive load.?® Note that
this particular cognitive load might be experienced even when learners never actually
take pauses, as the self-observation and self-control apply to the performance phase in
self-regulation. This would result in an increase of cognitive load at the overall level during
performance, while performance itself is positively affected. Therefore, we arrive at the
first assumption: availability of taking pauses would enhance performance through the
increase of beneficial cognitive load caused by self-observation and self-control during
the performance, as long as the learner’s working memory is not overloaded.

The second aspect, pausing as insertion of extra time for necessary cognitive process-
es, allows for more complex assumptions since the necessary cognitive processes can be
diverse. Considering that the time-outs in medicine take place either by proactive plan
or as a response to emerging issues,? we identify two types of activities that can occur
during pauses in medical training: reflection and relaxation. The pauses for reflection can
be carried out to approach a structured review of one’s diagnosis by recalling knowledge
from long-term memory and integrating the knowledge with present conditions, also
described as “looking at the textbook on the ceiling”? Since these cognitive processes
are relevant to elaboration in learning, reflective pauses would cause an increase in
germane load.

This reflective pause can also be described by the concept of self-evaluation, which
is a subprocess of the self-reflection phase in self-regulation.?” This self-evaluation is
distinct from the self-observation in the performance phase. While self-observation
refers to reflection-in-action that is prerequisite for self-control, self-evaluation pertains
to reflection-on-action where learners assess their own performance with regard to the
goals of the given task and available resources to accomplish these goals.?”?? Since this
self-evaluation, as a subprocess of self-regulation, boosts metacognitive processes, the
pauses for reflection would increase cognitive load.

The pauses for relaxation can take place by unusual issues that arise during simula-
tion. When a stressful and unexpected event occurs, learners can take pauses to relax
and to take a deep breath. Since the pause prevents the influx of new information,
learners can manage stress and its negative impact on working memory without being
disturbed further. This type of relaxing pauses would reduce extraneous load arising
from heightened emotions.

One can question how the different cognitive activities during pauses would influence

cognitive load and performance, given that the availability of pauses was assumed
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to affect cognitive load and performance at the overall level. On the one hand, the
activities might be influential only during the pauses, assuming that their effects on the
overall procedure are weak. On the other hand, the activities during pauses could also
be influential at the overall level. The reflective pauses stimulate the use of knowledge
from long-term memory, and the self-evaluation of the current status with regard to the
goals of the given task allows for a “fresh look”® on the current diagnosis. This may
facilitate a structured approach to the task after the reflective pauses, resulting in a
better use of working memory during performance (i.e., decrease in cognitive load) and
performance enhancement at the overall level. Also, the relaxing pauses can maintain
working memory in an optimized state during performance, by managing cognitive
load whenever it soars high. This can prevent performance from deteriorating further,
enhancing performance at the overall level.

To sum up, we propose the second assumption: execution of pausing can enhance
performance by affecting cognitive load either during pauses only or at the overall level.
The cogpnitive load during pauses can vary, depending on the type of cognitive processes
that take place during the pause: it can increase by reflection-on-action, or decrease
by relaxation. If the cognitive processes during the pauses affect the overall procedure,
cognitive load would decrease and performance would enhance, since working memory

is refreshed and optimized through the pauses.

1.3. Present Study

Based on the aforementioned considerations, this study aims to empirically investigate
the pause effect on cognitive load and performance. We use a computerized medical
simulation game in the domain of emergency medicine. The tasks in emergency medicine
present highly complex and intense scenarios, where the pause effect is expected to be
salient. Cognitive load is assessed by two types of measures: rating scales as a subjective
psychometric measure, and pupillometry as an objective physiological measure. These
two measures are known to be reliable cognitive load indices in medical simulation set-
tings.”*%¥ The use of different types of measures allows for a rich interpretation of different
types of cognitive load.?? Performance is measured by the in-game scoring system which
is a checklist of correct interventions. Whether a learner properly managed an intense
and stressful situation is also considered as a separate score.

We formulate five hypotheses divided into two categories, based on the two assumptions
described above. Following the first assumption about the pause as a possible and vol-
untary action, the mental effort for self-observation and self-control can affect cognitive
load at the overall level, regardless of whether or not a pause was actually taken during
the game. If the total cogpnitive load (i.e., sum of the three types of cognitive load) is not

overloading working memory, performance would enhance thanks to the activation of
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beneficial cognitive processes. Thus, we hypothesize a directional effect of allowing
pauses on cognitive load and performance:

H1a. Allowing learners to take pauses increases cognitive load at the overall level.
H1b. Allowing learners to take pauses enhances performance.

Regarding the second assumption about the time-insertion aspect, the act of taking
pauses can affect cognitive load during pauses differently depending on the diverse cog-
nitive processes that can take place during the pauses (i.e., reflection or relaxation). These
cognitive processes can be influential either for the overall procedure or for the pause
duration only. If the overall procedure is affected, the processes will decrease cognitive
load and enhance performance. If only the pause itself is affected, the cognitive load
during the pauses would differ from the cognitive load during game-play. Accordingly,
we construct two hypotheses with directional effects of taking pauses on cognitive load
and performance at the overall level, and one hypothesis with non-directional effects of
taking pauses on cognitive load during pauses:

H2a. Given that pausing is allowed, the act of taking pauses decreases cognitive load
at the overall level.

H2b. Given that pausing is allowed, the act of taking pauses enhances performance.
H2c. Cognitive load during pauses differs from the cognitive load during game-play.
The structure in these hypotheses will be reflected in the presentation and discussion of

the results.

2. Method

2.1. Participants and Design
A total of 70 medical students from Maastricht University, the Netherlands (51 females;

mean age 22.7; SD = 2.78) participated on a voluntary basis. Since the basics of emer-
gency medicine are taught in the 1¥ year, the participants’ academic years ranged from
2" to 6™ (the last academic year for medicine). Experience in emergency medicine
varied depending on their individual curriculum, except the basic course in the 1¢ year.
A between-subjects design is adopted with availability of pausing (i.e., existence of a
pause button in the game) as the single factor. The participants were randomly assigned
to two groups: pause-available condition (PA) where students are allowed to take pauses
by pressing the pause button, and pause-unavailable condition (PU) where no pause
button exists. Ten more students were assigned to the PA condition (n = 40) than the PU
condition (n = 30), for a more comprehensive analysis within the PA condition where a
distinction can be made between students who actually took pauses and students who

did not.
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2.2. Materials and Apparatus

2.2.1. Abcdesim Game

We used AbcdeSIM,* a computer-based simulation game to train emergency medicine.
This game is designed to replicate real-life scenarios in a medical emergency depart-
ment. In each scenario, an acutely ill patient is delivered to the emergency room where
a nurse is assisting the procedure. Learners should stabilize the patient within 15 minutes,
by diagnosing (e.g., laboratory testing, ordering ECG, using stethoscope), intervening
(e.g., oxygen application, fluid infusion, medication), and monitoring the patient’s vital
signs (e.g., vital function monitor, reassessment). Since using the nurse’s assistance is
crucial in this game, learners should communicate with the nurse actively. A high-fidelity
model of human physiology reacts to learners’ interaction in real time, simulating dynamic
situations in the emergency room.

Two scenarios were selected in consultation with two medical professionals, follow-
ing a series of pilot studies: subarachnoid bleeding (SAB) and gastrointestinal bleeding
(GIB). The complexity level of these scenarios is high enough for high cognitive load to be
prominent. The SAB scenario presents a 46-year-old woman with a partially obstructed
airway and epilepsy, while the GIB scenario presents a 32-year-old man with hypo-
volemic shock. In the SAB scenario, the epileptic seizures occur randomly and require
treatment within an extremely limited time window, which creates a highly intense and
stressful situation for the learner. If the learner has been playing the game systematically
(e.g., prioritizing more urgent issues) before the epilepsy occurs, certain advantages in
the treatment of the epilepsy are granted (e.g., more time for providing the treatment). In
the GIB scenario, the patient’s blood pressure drops fast continuously, so learners should
take measures quickly and accurately.

The game provides the option of pausing which can be preset by the researcher. In
the PA condition, a pause button is displayed besides a timer on the upper side of the
screen. When the pause button is pressed, the screen is stopped as it currently is, and
the timer also stops. The paused image is slightly greyed out with a message box saying
“AbcdeSIM is paused” popping up, while it is still possible to see important information
on the screen (Figure 11). There is no penalty in game score for using pauses. The sim-
ulation was operated on a personal computer (Intel Core i7 2.67 GHz CPU, 1.98 GB
RAM), presenting the scenarios on 1650 x 1080 LCD monitor. Participants interacted
with the game using a wireless mouse, and received sound effects from the scenarios
(e.g., patients’ abnormal snoring, lung sound, alarm from vital function monitor) using

a headset.
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Figure 11. Screenshots of AbcdeSIM in the PA (pause-available) condition.

« VT =IOV I

Note. On the left side, a game-screen during performance is shown. A pause button is displayed besides a timer

on the upper side of the screen. On the right side, a game-screen during a pause is shown. During the pause,
the screen is slightly greyed out, while it is still possible to see important information.

2.2.2. Cognitive Load Rating Scales

A self-report rating for perceived mental effort** was used to measure the subjective
overall cognitive load. Participants gave the rating right after finishing each scenario,
using a sliding indicator with scores on a scale of 0 to 100.

2.2.3. Eye-Tracking and Game-Log Recording

A laptop computer (Intel Core i7 2.67 GHz CPU, 1.98 GB RAM) was designated
for eye-tracking data recording, composing a dual-computer setup with the personal
computer for game presentation. Eye-tracking data was recorded by an SMI RED remote
eye-tracker at a sampling rate of 250 Hz, using SMI iView X software (version 2.7.13,
www.smivision.com). The SMI Experiment Center 3.5 software (version 3.2.11) was used
to arrange calibration, stimulus presentation, and screen recording. Since head-move-
ments can distort the pixel size of the pupil in the remote eye-tracking system, participants
were positioned in a forehead-and-chin rest and the geometry between the apparatus
and the eye was preset, for stable calculations of pupillometry.®> The experiment room
was windowless, dimly lit, and quiet.

The eye-tracking raw data includes samples of pupil diameter, gaze point, and time-
stamps, while the game log data includes in-game events (e.g., taking pauses, onset of
epilepsy) and timestamps. The game system was programmed to send synchronization
signals to the iView X software, by which eye-tracking data and game logs could be
merged and aligned.

2.3. Procedure

The experiment was carried out in individual sessions in an eye-tracking laboratory. To
begin with, participants signed an informed consent form and filled out a demographic

questionnaire. Then, they played through a tutorial of the game to familiarize themselves
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with the game functions. For the pause available condition (PA) group, the participants
were instructed to take pauses whenever the need arises. After participants positioned
themselves in the eye-tracking setup, calibration with a 9-point procedure followed. To
establish a baseline for the individual, a randomly scrambled version of a game image
was presented for 5 seconds.® In the PA condition, a baseline for the paused screen was
also recorded since the paused screen had a different luminosity, due to the greyed-out
effect. Starting a scenario, a maximum of 15 minutes was given to stabilize a patient, with
a timer visible on the screen during the entire scenario. In the PA condition, a maximum
of 10 pauses was available, and the number of remaining pauses was marked inside the
pause button. After completing a scenario, participants rated the overall cognitive load.
In the PA condition, a simple questionnaire about the participants’ activities during the
pauses was added. The procedure from calibration to the questionnaire composes one
trial. The trial was repeated for the two scenarios (i.e., SAB and GIB), while the order of
the scenarios was randomized. The entire session including the two trials lasted about

50 minutes.

2.4. Data Analysis

We compare PA against PU condition to test H1 (i.e., the effects of allowing pauses).
With regard to H2a and H2b (i.e., the effects of taking pauses on cogpnitive load and
performance at the overall level), we divided the participants in the PA group into two
subgroups: PAn where participants take one or more pauses, and PAO where no pauses
are taken, then PAn is compared against PAO. The central values of all dependent vari-
ables were calculated per trial.

With regard to H2c (i.e., the effect of taking pauses on cognitive load during the
pauses), we only use pupillometry data in PA as the dependent variable, as this measure
continually records pupil dilation during performance. We sliced the timeline of scenarios
in PA into two types of time periods: game-play periods where the scenario is running,
and pause periods where the scenario is paused, then the pause periods were compared
against the game-play periods. In addition, we take the different cognitive activities
during the pauses (i.e., reflection-on-action or relaxation) into account. We assumed
different levels of intensity of a given situation would produce different activities. Two
different situations within a scenario were identified: intense mode where the patient has
triggered an epileptic seizure, and plain mode where the patient is not having a seizure.
All'in all, the pause and game-play periods were compared separately in each of the
two modes (i.e., intense and plain).

For statistical analysis of the pause effects over entire scenarios, we constructed linear
mixed effect models, using the Ime4 package® in R version 3.5.1.% As fixed effects, we

entered group condition and scenario (without interaction term) into the model, while
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the participant was treated as a random factor. For the intensity-care score which takes
on a binary value, a logistic model as a form of generalized linear mixed effect model
was used. Since the intensity-care score is only available in SAB scenario, trials in GIB
scenario were removed from the dataset, excluding scenario from the fixed factors.
There were no evident deviations from homoscedasticity or normality from visual probe
of residual plots. We calculated p values via likelihood ratio tests that compare the full

model with the effects in question against the model without the effects in question.

2.4.1. Pupillometry Analysis

The merged data set [i.e., eye-tracking data and game logs) was imported into R for
data processing. We controlled for three major confounding factors in pupillometry: (1)
pupillary light reflex, (2) off-axis distortion, and (3) pupil dilation latency. For the issue of
pupillary light reflex, all pupil dilation values of a participant were compared against the
established individual baseline, calculating the absolute pupil increase in millimeters.*®
The pupil dilation values during pauses were compared against the separate baseline
for the paused screen. Off-axis distortion occurs when the eye rotates away from the
eye camera.’’ To compensate for this distortion, we used a geometric correction model
developed by Hayes and Petrov.“® For the pupil dilation latency, we removed the pup-
illometry data during the latency which was set as 800 ms from the onset of different
stimuli (i.e., game screen and paused screen).*!

Atfter this preprocessing, we calculated means of the absolute pupil increase for each
trial. To compare different periods (i.e. game-play and pause) in different modes (i.e.,
intense and plain), means for each period were computed. All pupil diameter samples
with a value of O were discarded. Outliers lower than the first quartile — 1.5 interquartile

range (IQR) and higher than the third quartile + 1.5 IQR were removed.

2.4.2. Performance Assessment

For performance assessment, we use the built-in scoring system of the AbcdeSIM game.
The score calculates the number of correct decisions (e.g., applying correct oxygenation
scores 20 points). Remaining time is included as additional points (e.g., higher score
for more remaining time). Since the scoring system does not display whether a learner
managed epilepsy in the SAB scenario, we extracted the corresponding information from

game logs and computed the intensity-care score, by using Python and R.

3. Results
There were 4 missing records in eye-tracking data and 3 in game logs, due to technical
issues such as crashes between the game system and the iView X software. The ratio of

missing samples in eye-tracking data was 4.93%.
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Table 5. Distributions of number of pauses taken per participant in PA

Pause number Participant (%)
0 20(50.0)

1 8(20.0)

2 6(15.0)

3 5(12.5)

4 0(0.0)

5 1(2.5)

Sum 40(100)

Table 6. Descriptives of total scenario duration, total pause duration, and proportion of pause

duration
Min Q, Mdn Q, Max
Scenario duration (sec) 331 405 599 638 881
Pause duration (sec) 8 20 40 107 251
Proportion of pause duration (%) 1.4 3.6 6.7 17.8 44.3

Note. Q, = the first quartile, Mdn = median, Q, = the third quartile. Proportion of pause duration = Pause duration
/ Scenario duration.

3.1. Usage of Pauses

Table 5 shows the distribution of the total number of pauses taken by each participant in
the PA condition. In average, 50.0% of the participants did not take any pauses at all,
while the remaining 50.0% took pauses with total number ranging between 1 and 5.

Table 6 shows the descriptives of total duration of scenarios and pauses.

3.2. Effects over Entire Procedure

Table 7 demonstrates the outcomes of all measures for cognitive load and performance.
The outcomes were assorted between the different conditions of PU and PA, and between
the subgroups of PAO and PAn. PA showed higher cognitive load and performance
than PU, while no consistent differences are shown between PAO and PAn. There were
no significant correlations between the measures except between game scores and

intensity-care scores.
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The effects of allowing pauses on the different measures of cognitive load and perfor-
mance are presented in Table 8. The existence of a positive effect of allowing pauses
on cognitive load (H1a) is supported by pupil increase, while no significant effect is
associated with the rating scale. To examine if this significant effect in pupil increase is
still present even during the game-play periods, we excluded the pause periods from the
pupil increase dataset in PA, then compared the data with PU again. The significant effect
remained even after the exclusion. The existence of a positive effect of allowing pauses
on performance (H1b) was supported by the intensity-care scores, while no significant
effect was associated with game scores. In addition, scenario showed a significant effect
with regard to pupil increase and game score, while displaying no significant effect on
the rating scale. The level of interaction between the two fixed factors (i.e., condition
and scenario) was low.

With regard to H2a and H2b, we tested the effect of taking pauses on the different mea-
sures of cognitive load and performance, by comparing PAn against PAO. No significant

effects of actually taking pauses were found for any of the measures.

Table 8. Effects of allowing pauses and scenario difference on the measures of cognitive load

and performance

Construct Measure Fixed effect Estimate Std.error t(z) value P
CL Rating scale (Intercept) 58.259 2.043 28.524
Condition (PA) 2.030 2.525 0.804 0.4214
Scenario (SAB) 0.388 1.359 0.285 0.7753
Pupilincrease  (Intercept) 0.847 0.053 16.102
Condition (PA) 0.126 0.064 1.970 0.0489
Scenario (SAB) -0.073 0.036 -2.013 0.0441
(excluding Pupil increase  (Intercept) 0.848 0.054 15.763
pause Condition (PA) 0.130 0.065 2.000 0.0455
periods] Scenario (SAB]  -0.073 0037  -1997  0.0458
Performance Game score (Intercept) 499.870 20.610 24.257
Condition (PA) 14.120 24.400 0.578 0.5630
Scenario (SAB) -69.190 17.220 -4.017 0.0001
Intensity-care  (Intercept) -1.872 0.539 -3.473
score
Condition (PA) 1.361 0.629 2.163 0.0306

Note. Significant effects (p <.05) are in boldface. Condition (PU) was compared as intercept for condition, while
scenario (GIB) was compared as intercept for scenario.
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3.3. Effects for Pause Periods

Table 9 presents the descriptives of cognitive load during game-play periods and pause
periods. These periods were also categorized into the two modes (i.e., plain and in-
tense). The level of cognitive load was lower for the pause periods than the game-
play periods in both two modes. The results from t tests showed a significant difference
between pause periods and game-play periods for the plain mode with a small effect
size (H{78) = 2.00, p=.049; d = 0.38) and for the intense mode with a large effect size
({10) = 4.90, p=.001; d = 2.09). Figure 12 shows this effect on pause periods in different
modes, in comparison with the cognitive load in different modes in PU.

Figure 12. Boxplot of pupil increase in different modes and conditions.
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Figure 13. Distribution of difference in cognitive load between game-play periods and pause

periods (i.e., pause — game-play).
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Figure 14. Time trend of pupil increase for one particular participant in PA.

Period Pause Game-play Pause Game-play Pause Game-play

Pupil increase [mm]

Time (s) 0 100 200 300 400 500

Mode Plain Intense Plain

Note. The annotation on the upper side indicates periods, while the annotation on the lower side indicates

modes. A total of three pauses were taken: the first two pauses in plain mode, and the third pause in intense mode.

3.4. Exploration: Different Cognitive Activities during Pauses

H2c assumed the possible existence of different cognitive activities during pauses,
namely, relaxation and reflection-on-action. To explore the diversity of these cognitive
activities, we calculated the difference in cognitive load between game-play periods and
pause periods, and plotted its distribution (Figure 13). The mean pupil increase during
game-play periods was subtracted from the mean pupil increase in pause periods (i.e.,
pause — game-play) per trial. This difference was calculated for each mode separately,
only when corresponding mean values existed for the trial. Although the distribution of
differences was centered below zero (i.e., decrease of cognitive load during pauses) for
both two modes, the differences were scattered widely (i.e., either decrease or increase
of cognitive load during pauses), ranging from -2.78 to 1.53 (mean = -0.28, SD = 0.65).
To demonstrate the different uses of pausing within individual participants, Figure 14
depicts a time trend of changes in pupil increase of one particular participant. This
participant played SAH scenario in the PA condition, taking two pauses in plain mode
and one pause in intense mode. As can be seen in the first two pauses in plain mode,
the level of cognitive load increases, probably due to task-relevant cognitive activities.
However, during the third pause in intense mode, cognitive load decreases, signifying

that a relaxing pause took place.

4. Discussion

The present study tested the effects of pauses on cognitive load and performance in a
medical simulation game. Two aspects of pausing were taken into account: availability
of pauses (i.e., allowing pauses) and execution of pauses (i.e., taking pauses). The
effects of these aspects of pausing on cognitive load and performance were examined

at the overall level, while the cognitive load was further analyzed between pause peri-
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ods and game-play periods. Pupillometry and a subjective rating scale were used for
cognitive load measures, while game-score and intensity-care score were employed as
performance measures. The main findings are as follows: (a) Allowing pauses increases
cognitive load and performance at the overall level, regardless of whether pauses are
actually taken; (b) Given that pausing is allowed, taking pauses gives no further benefit
on cognitive load or performance at the overall level; (c) The level of cognitive load
during pauses is lower than during game-play.

The first two hypotheses (H1a and H1b) pertained to the effects of allowing pauses.
Focusing on this effect on cognitive load (H1a), a significant impact emerged via the
pupillometry measure, while no effect was found for the subjective rating measure. We
regard H1a as being supported agreeably by the data, not only because pupillometry
is an objective measure that has been well-validated in the context of medical training
environments, but also because the subjective rating might be a weak measure for cer-
tain forms of cognitive load in dynamic task-environments. The cognitive load caused
by the availability of pauses mainly results from self-regulation (i.e., self-observation
and self-control), which changes dynamically throughout performance. The subjective
rating scale might not be an ideal measure to capture this form of cognitive load since it
yields only one value for the entire performance phase. Moreover, supposing that this
self-regulation was directly contributing to learning, the increase in cognitive load can
be attributed to germane load. Considering that Young et al.“? reported that germane
load does not correlate with the subjective rating of perceived mental effort in a medical
handover simulation, it is not surprising that the rating scale did not show a significant
impact of allowing pauses in this study.

With regard to the effect on performance (H1b), the intensity-care score showed
a significant impact, while no significant effect was found for game scores. We deem
that H1b is at least partially supported, since the intensity-care score better represents
certain aspects of performance in the context of self-regulation (i.e., self-observation
and self-control) than the game score. In the SAB scenario, epileptic seizure attacks the
patient randomly. A high intensity-care score can be achieved if the learner has been
vigilant enough to counteract the sudden emergency, while playing the game systemati-
cally, which is highly relevant to self-observation and self-control. Therefore, we consider
the intensity-care score to be more sensitive to changes in performance level due to the
self-regulation, while game scores are less sensitive to these changes. Moreover, the built-
in scoring system takes the form of a checklist of correct input, which has been reported
as being a less effective measure of performance in a global manner.#*44

Given that H1a and H1b are at least partly supported, the results present a significant
implication: allowing pauses (i.e., availability of taking pauses) is a distinct manifestation

of the pause effect, that should be clearly distinguished from actually taking pauses (i.e.,
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execution of pausing). Allowing pauses stimulates self-regulation in the performance
phase (i.e., reflection-in-action), while taking pauses may stimulate self-regulation in the
self-reflection phase (i.e., reflection-on-action). This difference emphasizes that the effect
of allowing pauses is present throughout performance, regardless of whether pauses
were actually taken or not. In fact, we found a robust effect of allowing pauses on cog-
nitive load during performance, which remained even after excluding pause periods.
This finding is also in line with Hasler et al.,”” who found that learner-controlled pausing
positively influences performance, despite the rare use of pause buttons.

Bridging self-regulated learning theory and cognitive load theory is a relatively new
research line in recent years.*> This study shows that combining the two perspectives
provides a powerful framework for investigation of the pause effect. It robustly promotes
construction of hypotheses and experimental design, leading to a stable explanation of
the empirical results. However, this study did not reveal whether and how any self-reg-
ulation actually took place during performance. Future research could investigate the
relevant cognitive activities using process-tracing methods such as think-aloud or retro-
spective reporting.

The second category of hypotheses (i.e., H2a, H2b, and H2c) focused on the effects
of actually taking pauses. Contrary to our expectations, the act of taking pauses did not
show any significant impact on cognitive load nor performance at the overall level, failing
to support H2a and H2b. We suppose that this is because the diverse activities during
pauses were not controlled. In this study, we did not give any particular instructions about
what to do during pauses, letting participants take pauses whenever they felt a need to
do so. While this experimental design allowed us to explore learners’ tendency to be
involved in different cognitive activities during pauses, participants’ cognitive activities
seem to have failed to contribute to boosting beneficial cognitive processes (i.e., germane
load) and performance at the overall level. We believe that, to make the act of taking
pauses beneficial to learning and performance, providing guidance about the cognitive
activities during pauses is crucial. For instance, students can be prompted to use pauses
to recall relevant knowledge, evaluate the current diagnosis based on that knowledge,
and establish a structured plan for the performance after the pause.

When comparing the cognitive load between different periods, the cognitive load
during the pause periods was significantly lower than during the game-play periods,
thus supporting H2c. It appears that the participants in this study have paused more often
for relaxation than for reflection-on-action. This result opens up the potential of the use
of relaxing pauses to manage the “helmet fire”® in medical simulation training. A high
level of extraneous cognitive load caused by emotions heightened by intense situations
have been reported as detrimental for medical simulation training with high-fidelity.™4”

Considering that the effect size was larger in intense situations (i.e., intense mode) than
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in less-intense situations (i.e., plain mode), the use of relaxing pauses should provide
substantial support for learners to manage the negative impact of high cognitive load.

Although relaxation has manifested itself as a predominant activity during pauses in
this study, other activities (e.g., reflection-on-action) seem to be existing as well. As can
be seen from the explorative investigation, some participants’ cognitive load increases
during pauses. Also, in-depth analysis of individual participants showed that one par-
ticipant uses both reflective pauses and relaxing pauses, according to given situations
(i.e., plain and intense modes). This diversity in cognitive activities is in accordance with
the participants’ responses to the questionnaire that we issued for exploratory purpos-
es. When asked what they were doing during the pauses, the participants’ responses
varied. For instance, they were not only relaxing themselves, but also recapping their
performance, overviewing possible options, recalling relevant knowledge, and planning
what to do next.

While we adhered to experimental control for designated hypothesis-testing, we have
not controlled specific pausing behaviors such as prescribed activities during pauses or
duration of pauses. On the one hand, the exact activities that participants were engaged
in during each pause were unknown. On the other hand, it allowed us to explore individ-
val tendencies and to gain ecological validity, producing interesting results. This opens
up multiple lines for future studies: What are the cognitive activities that take place during
pauses? What makes these activities beneficial to performance and learning2 And what
guidelines for pausing should be provided to learners?

One notable implication of the results of this study is that the use of pupillometry as
a cognitive load measure advances the investigation remarkably. Since pupil dilation
is controlled by the autonomous nervous system, it reveals some aspects of cognitive
load that subjective ratings cannot capture. Moreover, this continuous dataset enables
window analysis, with which we can detect the net effect of allowing pauses by sub-
tracting certain windows (i.e., pause periods). It also allows for measuring the temporary
changes within specific periods, revealing the existence of different cognitive activities
during these periods.

Interestingly, we have noticed that only 50% of participants in the PA condition took
pauses, while the rest did not. Some researchers have reported similar observations of
a rare use of pause buttons in educational animation, suggesting that students cannot
locate an appropriate stopping point."#¢4° On top of that, we propose another expla-
nation for the low usage of pausing; learners are not aware of the utility of taking pauses
during performance. When the questionnaire survey asked the participants who did
not pause at all about why they did not, some answered, “I thought pauses would not
improve the given situation”, or “Taking pauses seems to be unrealistic for real-life situa-

tions”. Although time-outs are essential practices to reduce diagnostic errors and improve
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performance,' students might overlook the benefit of taking pauses during performance.
Future research can study this phenomenon further, investigating why students hesitate
to use pauses or whether encouraging them to use more pauses contributes to learning.

There are some limitations in this study. Firstly, this study used only two scenarios in a
computerized simulation in the domain of emergency medicine. Testing these effects of
pausing in other task-environments and in other domains is necessary. Secondly, it has
not been tested whether the pause effects in simulation training can be replicated for the
time-outs in real-task environments. Future study could investigate the possible differences
between simulated-task environments and real-task environments. Thirdly, we focused
on the pause effects on performance only, not learning or transfer to the workplace, in
relation with cognitive load. Expanding the investigation to the effects on learning and
transfer should be fruitful for medical education.

For clinical educators in simulation training, we suggest several approaches for the
installment of pauses in training. Firstly, when employing the pause technique, the extra
cognitive load that arises by simply allowing pauses should be taken into account.
Although the extra processes (i.e., self-observation and self-control) are beneficial for
learning and performance, it can also be detrimental if the total cognitive load exceeds
the learner’s working memory capacity. Thus, when prompting the use of pauses in a
highly demanding simulation training, extraneous load from a high-fidelity environment
can be lowered by adjusting the fidelity level (e.g., removing sound effects). Secondly,
learners should be informed about the utility of pauses. While students can easily regard
pausing as unhelpful and unrealistic, pausing is an essential practice that experts utilize,
also known as the phenomenon of “slowing down when you should”.? Practicing pausing
in simulated task-environments can be a good opportunity to learn the “slowing down”.
Thirdly, learners should be taught how to utilize the two different types of pausing (i.e.,
reflective and relaxing) to enhance their performance and learning. Reflection can be
encouraged to boost self-evaluation, while learners should manage their own cognitive
load to prevent overload. When learners get panicked by intense situations, they could
use pauses fo take a deep breath and reorganize themselves.

This study has shown how students tend to use pauses without guidance, how the
pause effect functions, and what should be the best use of pauses. The essential finding
is that pausing is not a simple technique where cognitive load drops and performance
enhances once learners take a pause. There are more complex layers of cognitive pro-
cesses that do not manifest themselves at the physical level. Even in the case where a
learner is not taking any pauses at all, which at first sight appears not to differ from the
condition where pauses are not available, additional cognitive processes are already
activated for the learner by merely considering about pauses. Also, although all acts

of taking pauses appear to be similar at first glance, fundamentally different cognitive
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processes are running for each pause, depending on the given situation. To make pausing
contribute to performance and learning, learners should be provided with some guidance
to take these hidden cognitive processes into account. The best use of pauses is not a
matter of availability of pauses nor the execution of pauses, but a matter of how to use
pauses based on a deep understanding of why they should be taken.
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Chapter 5

Abstract

The reflective pause, taking a pause during performance to
reflect, is an important practice in professional training that
fosters learning processes. However, research on the reflec-
tive pause has been scarce, and consensus on effective reflec-
tion-prompting methods is lacking. Using educational theories,
we propose how to design cognitive and metacognitive aids
to support for reflective pause in a computer-based simulation
task environment. Assuming this reflective pause with the aids
helps to optimize cognitive load and allows for restructuring of
mental models, we examine its effects on four aspects of per-
formance and learning: cognitive load, domain-specific and
domain-general aspects of performance, and the structure of
cognitive schemas. Medical students (N = 72) performed tasks
in a computerized simulation training for emergency medicine,
in two conditions: reflection condition (n = 36) where reflection
was prompted during pauses, and control condition (n= 36)
without such prompts. The effects of reflective pauses emerged in
the later stage of the learning process, while no significant effects
were identified in the earlier stage. Cognitive load decreased
and domain-general aspects of performance improved. Howev-
er, domain-specific performance aspects and schema structure
did not, probably due to lacking feedback during reflection.
These results suggest that theory-based support design can make
in-action reflection effective, demonstrating that reflective pauses

can enhance performance, but an adaptation period is required.

Keywords: Games, human-computer interface, post-secondary

education, Simulations, 21 century abilities
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1. Introduction

In critical fields, such as firefighting, aviation, surgery, and emergency medicine, the
tasks are extremely dynamic and hazardous." During performance, practitioners should
constantly adapt their actions, which are in turn associated with finality and significant
consequences (e.g., death of patient or team members).?* This gives rise to two important
perspectives on training for these professions: simulation-based training and adaptive
performance.® Through practice in simulated scenarios, practitioners must learn to adapt
their performance by making a series of urgent yet careful decisions. To make these de-
cisions successful, the reflective pause,* stopping the current course of action for a brief
period of time to reflect, becomes an essential learning strategy for the critical domains.??
In medical education, researchers have called for more attention to this in-action reflec-
tion, as opposed to post-action reflection (e.g., debriefing), as medical interventions
become more dynamic and fast-paced and the standards for patient safety increase.>”
However, the reflective pause has not yet been fully acknowledged in education and
workplace learning. Students are often unaware of the utility of taking pauses.®? Ed-
ucators have not sufficiently considered the reflective pause as part of their curricula,
only focusing on algorithmic task approaches that hamper critical thinking.'®" Health
professionals are often unwilling to interrupt current performance by pausing since they
assume it fo be inefficient.'>™

In education, it has been already reported that students tend to disregard in-action
reflection during task performance. Students think prompts of in-action reflection dis-
turbing and focus on problem-solving itself, ignoring the prompt either unknowingly or
purposely.''> Moreover, educational support for in-action reflection is lacking,'*"” and
much debate about how reflection should be prompted is still ongoing.'®%° Studies on the
effects of reflective pause have reported mixed results because different setups of when
and how to reflect significantly diverge the effects.?’ Researchers have pointed out that
lack of understanding of this diversity can hinder the development of research,??* and
that real-time measures (e.g., eye-tracking, screen recordings, physiological sensors)
should be leveraged to track and understand the effects of in-action reflection during
performance.?"2%24

This study contributes to the literature with three added values. First, we propose that,
to make in-action reflection effective, the when and how to reflect should be designed
a priori based on task analysis and educational theories. Most research on in-action
reflection in computer-based task environments have used system-driven prompts, which
lacks depth and details comparing to instructor-driven post-action prompts.2>22 Our
study presents an example of this design using a computer-based task environment, to

empirically examine its effects. Second, while many studies on reflection focus on its
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effects on general learning outcomes or self-regulative behaviors, 2252

we systemati-
cally categorize different aspects of performance and learning that can be affected by
the reflective pause, by using the frameworks of cognitive load theory and the medical
pause.”? Third, on top of using self-reported data, we employ real-time objective mea-
sures such as eye-tracking and game logs in a computer-based simulation, to provide
in-depth analysis of the effects of in-action reflection on performance.

In the following sections, we first conceptualize how the reflective pause affects different
aspects of performance and learning. We then describe what cognitive and metacog-
nitive aids could be provided to make the training of reflective pausing effective. Lastly,
we present a set of hypotheses about the effects of the reflective pause, which will be

tested empirically.

1.1. The Effects of the Reflective Pause

Cognitive load theory (CLT) is a powerful framework to explain learning processes in
simulation training.??? It posits dynamics of diverse cognitive processes in simulation
that impose working memory that has limited capacity, which allows for an explanation
of the changes in performance real-time. Following the typology suggested by Lee et
al.,” three types of cognitive load can be conceptualized in simulation training: primary
load (PL) imposed by domain-specific task performance (e.g., a resuscitation task), sec-
ondary load (SL) from domain-general processes that assist primary task performance
(e.g., vigilance on situational changes during the resuscitation), and extraneous load
(EL) from processes irrelevant to the task performance (e.g., being distracted by noise
from a computer-based simulation).

Within this framework, the effects of the reflective pause on both learning and perfor-
mance can be described further. CLT presumes that performance deteriorates when the
sum of the three types of loads either overloads or underloads working memory. Coined
negative momentum, this suboptimal status can be interrupted by means of taking a
pause.” During this pause, working memory is reinstated by restructuring mental models
(i.e., schemas) in long-term memory, which in turn promotes learning. For example, in an
infense resuscitation scenario, practitioners may experience cognitive overload losing
their attention to patients’ safety. They then take a pause to recap the current situation.
By connecting information elements from working memory (e.g., previous actions) and
long-term memory (e.g., alternative solutions), schemas are reconstructed (e.g., plan-
ning next priorities) and working memory is reinstated.?*° As a result, cognitive load is
optimized and subsequent performance improves (e.g., improvement in diagnosis and
attention to patient safety).

For critical fields, the reflective pause is of utmost importance for three reasons. First,

many adverse events are caused by human error (e.g., misdiagnosing patients) in these
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fields.®%2 As tasks in the fields have become even more dynamic and complex in recent
years, practitioners are required to be extra circumspect and mindful.24% Second, the
tasks in extreme environments often feature high levels of uncertainty where important
information emerges during task execution.? When the new information comes up, practi-
tioners are required to pause and reflect in order to redirect their task performance.® Third,
the reflective pause can facilitate learning within the context of performance.”** Since
the tasks in critical domains are highly context-dependent and lengthy (e.g., a surgery

lasting several hours), creating learning opportunities during the performance is crucial.

1.2. Cognitive and Metacognitive Aids (CMA:s)

Despite its benefits, taking a reflective pause is not an easy skill to acquire for novices.
Aside from the negative momentum, there is the positive momentum of workflow that
should not be interrupted, otherwise it can also impair performance.®® Thus, the decision
making on pausing while balancing between the negative and positive momentum is a
highly complex skill that includes clinical judgement and time management.”*¢ More-
over, it is a metacognitive process to monitor and regulate one’s own performance (i.e.,

),¥” requiring additional support for this aspect.383?

self-regulation
To train self-regulatory skills for novices, second-order scaffolding is necessary“’: At the
beginning of training of self-regulatory skills, educators should hold maximal control
over important decision-making and provide full levels of support, while this control level
decreases later as the learner becomes more experienced. In education, first-order scaf-
folding applies to domain-specific skill training, while second-order scaffolding pertains
to training of domain-general skills such as self-regulation.*® According to instructional
design theories, second-order scaffolding for reflective pausing can be established by
providing cognitive and metacognitive aids (CMAs) including prompts, cues, and leading

questions. 4042

1.2.1. Prompts

When to pause can be proactively planned and initiated by educators in training pro-
grams.>” To locate good pause timings, educators should first assess the learners’ com-
petence and prompt pauses within task partitions that are meaningful for the learner.
According to CLT, logically segmenting learning content into smaller chunks and insert-
ing pauses between these segments may facilitate the comprehension of the content
structure.*>** In complex domains such as medicine, creating skill clusters for different
task phases and arranging their sequence is necessary for skill training, so called, part-
task sequencing methods.*° For example, forward chaining with snowballing is a useful
part-task sequencing method for teaching medical interventions. It arranges the skills

necessary for task performance in a natural order as they are applied in practice. While
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simple forward chaining arranges the parts one by one (e.g., part A — part B — part
C), the snowballing method includes the previous clusters in each new cluster (e.g., part
A — part A and B - part A, B, and C).*° As this method is designed to maximize the
interconnection between different skill clusters, implementing reflective pauses between
these clusters to contemplate this connection would make the learning processes even

more effective.

1.2.2. Cues

Once the timing of a pause is prompted properly, the question of what to reflect on arises.
Although reflection is a high-level cognitive process that benefits learning, a well-known
pitfall is its dependency on episodic memories, which often leads to forgetting or fab-
rication.*>*¢ To compensate for this drawback, the reflection process can be supported
by cues, records of learners’ performance that cue their memories of the performance.*”
For computer-based simulation task environments, combining video recording and eye
movements can create promising cues, as eye movements reflect cognitive strategies to
collect visual information on computer screens.*®%° Studies have shown that reflection
with these cues becomes longer in duration, includes more information on metacognitive
processes, and is more detailed in visual strategy description than reflection without

CUeS‘AB’S]'SZ

1.2.3. leading Questions

Despite the availability of effective cues, reflection can still be ineffective if the learner
does not know how to reflect. Since learners often lack well-organized schemas in long-
term memory, they do not apprehend what to discover through reflection, concentrate
on surface-level features from the cues, and lose learning opportunities to restructure
their schemas.>>**To guide them with what to discover from the cues, leading questions
can be provided, in a so-called guided discovery method.* These questions help learn-
ers start from what they already know and develop their schemas by self-explaining
the relationships between pieces of information.*?%¢ This method includes generating
hypothetical cases, selecting counterexamples, and entrapping learners. For instance,
learners in medical domains can be asked to rearrange their diagnosis and predict its
effects, or to present a counterexample of their diagnosis that would lead to an unde-

sirable consequence.*®

1.3. Present Study
This study empirically examines the effects of the reflective pause supported by CMAs

on different aspects of performance and learning in simulation training. Given the ben-

efits of the CMAs discussed above, the reflective pause is expected to positively affect

100



The Reflective Pause in Simulation Training

learning processes. We use a computer-based simulation where an intense resuscitation
scenario in emergency medicine is presented. As this scenario provokes high levels of
cognitive load for students, we expect that, in a condition where the reflective pause is
applied (RP), cognitive load would be optimized by decreasing it, as students reinstate
their working memory through reflection (H1).

Thanks to this reinstatement and related schema restructuring, other aspects of perfor-
mance and learning are expected to improve. First, the domain-specific primary perfor-
mance (e.g., diagnosis and intervention) is enhanced by interconnecting with schemas
in long-term memory (H2). Also, the domain-general secondary performance (e.g.,
vigilance on patient status) improves, since the optimization creates more space for the
secondary load (H3). As a result of the interconnection with long-term memory, learning
is promoted, thus cognitive schemas improve (H4). These hypotheses are recapitulated
as below:

H1. RP decreases cognitive load.

H2. RP improves primary performance (i.e., diagnosis and intervention).

H3. RP improves secondary performance (i.e., vigilance on patient status).

H4. RP furthers development of cognitive schemas.

The corresponding measures for each hypothesis are described in Table 10, of which the

details of operationalization will be elaborated in the next section.

Table 10. Hypotheses, constructs, and measures

Hypothesis Construct Measure

H1 Cognitive load Pupil increase (mm)
Paas scale (1-9)

H2 Primary performance Game score

(Diagnosis and intervention)

H3 Secondary performance Transition rate across the vital signs monitor
(Vigilance on patient status) (VSM) (/min)
H4 Schema structure Handover report

2. Material and Methods

2.1. Participants and Design

A total of 76 medical students (53 females; mean age = 22.3; SD = 2.4) was recruited
from Maastricht University, the Netherlands. The participants’ academic years varied
from 2" to 6™. They all had taken the basic course of emergency medicine in their 1¢
year, while their experience in the domain varied according to their individual curriculum.

Using a between-subjects design, we randomly assigned participants info two groups:
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the experimental group where participants were prompted to reflect on their performance
during pauses (RP condition), and the control group where they were asked to perform an
irrelevant task instead during the same pauses (e.g., assessing random simulation games)
(No-RP condition). For all participants, we provided three pauses between part-tasks
grouped by the skill clusters. Their performance in each cluster was repeatedly measured

for each participant via the measures described in Table 10.

2.2. Materials and Apparatus

2.2.1. A Medical Simulation Game

We used a computer-based simulation game for emergency medicine, AbcdeSIM.*8 The
five letters ABCDE stand for the five phases that should be followed for acute care |i.e.,
Airway, Breathing, Circulation, Disabilities, and Exposure). This game simulates real-life
situations in the emergency room, where a high-fidelity human physiology is programmed
to react to the learners’ interaction. The gastrointestinal bleeding (GIB) scenario was
used since its level of complexity is high enough to provoke salient cognitive load. This
scenario presents a 32-year-old male patient with hypovolemic shock. The primary task
is to stabilize this patient by diagnosing (e.g., laboratory examination) and intervening
(e.g., fluid infusion). As this patient’s vital signs change acutely and dynamically, extra
attention fo the vital signs monitor (VSM) is required.

The game was run on a personal computer (Intel Core i7 2.67 GHz CPU, 1.98 GB
RAM), and presented on an LCD monitor (1650 x 1080) and a headset for sound
effects. Participants interacted with the game using a wireless mouse. The game score
was calculated by summation of correct in-game actions of diagnosis and intervention,

yielding the measure to test H2 (i.e., the primary performance).

2.2.2. Cognitive and Metacognitive Aids (CMAs)

To control the pause prompts for the two conditions, the same number of pauses was
inserted between task clusters. These task clusters were designed using the forward
chaining with snowballing method. As the task of the AbcdeSIM game contains the five
phases that should be performed sequentially, we translated the phases into five skill
clusters necessary for Airway (A), Breathing (B), Circulation (C), Disabilities (D), and
Exposure (E). These skill clusters were then composed into three task clusters: AB — ABC
— ABCDE. A current physician in emergency medicine designed this clustering and time-

on-task required for each cluster, so that it fit the learning processes for the GIB scenario.
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Figure 15. Heatmap as a type of cognitive and metacogpnitive aid

The cues to support reflection included a gameplay recording where eye movements
are superimposed on the gameplay screen, and a heatmap that shows eye fixation
allocation (Figure 15). The former is expected to show the learner’s performance and
attention allocation in a timeline, while the latter shows the overall attention allocation
in summary. The game play and eye movements were recorded and displayed by SMI
BeGaze software (version 3.6, www.smivision.com).

Using the guided discovery method, a set of leading questions was designed. These
questions had two categories of diagnosis and intervention where each category in-
cluded two questions of what should have been done and what should have not been
done, resulting in four questions: “Did | miss something important to check®”, “What did
| check unnecessarily2”, “Did | miss any important intervention2”, and “What redundant
interventions have | applied?” Lastly, an overall question, “How to improve my perfor-
mance?”, was added, resulting in a total of five questions. The participants were asked
to verbalize their reflection (i.e., think-aloud). This verbalization was recorded, and the

number of words was counted for an additional analysis on the reflection.

2.2.3. Eye-Tracking

Eye-tracking data was collected by an SMI RED remote eye-tracker with a sampling
rate of 250Hz and SMI iView X software (version 2.7.13). We used a dual-computer
setup where a laptop computer with the iView X software was connected to a personal
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computer for game presentation. We used SMI Experiment Center 3.5 software (version
3.2.11) to arrange calibration and presentation of instruction and stimuli. A forehead-
and-chin rest was used to prevent head movements and make the geometry between the
eye and the eye tracker stable.>” The experiment room maintained a constant luminance,

without windows or noise, composing a controlled environment for eye-tracking.

2.2.4. Cognitive Load Rating and Handover Report

We used the Paas scale,®® a subjective rating scale for cognitive load, for triangulation.
This triangulation is expected to allow for a more comprehensive perspective to the re-
sults on cognitive load than using pupillometry only,®' The Paas scale has 9-point ratings
with the value 1 representing the lowest cognitive load and the value 9 representing the
highest.

The handover report is a brief document where the patient case is communicated
in an encapsulated way for clinical handover. It requires the development of structured
schemas in clinical cases,®? thus, it can provide a reliable measure to test H4 (i.e., schema
structure construct). Two current physicians assessed the participants’ reports, based
on the SBAR,® the internationally well recognized protocol for clinical handover. Their
scores were averaged for data analysis, and the inter-rater reliability was examined (r
(69)=0.98, p<.001).

Figure 16. Procedure of a session
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(A+B+C)

Cluster 3
(A+B+C+D+E)

Cluster 1
(A+B)

Pre- Handover

training

Pause 1 Pause 2 Pause 3

report

2.3. Procedure

Figure 16 shows the entire procedure of a session. The participants were individually
invited to the eye-tracking laboratory. They signed informed consent and filled out a
demographic questionnaire. In the pre-training, they watched a tutorial about the game-
play, and played an easy scenario to familiarize themselves with the game functions.
Participants in RP were additionally instructed in how to use the CMAs (i.e., cues and
leading questions) for their reflective pauses. This instruction included tutorials of how to
view and interpret the cues (i.e., game replay with eye movements, and heatmap) by
using the SMI BeGaze software, and examples of application of the leading questions

to reflection. All participants, then, were positioned for the eye-tracking setup with a chin
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rest, and followed a 9-point calibration procedure. A scrambled image of the game
screen was presented for 5 seconds to establish a baseline for pupillometry. Next, the
participants played the first task cluster (i.e., AB) for 2 minutes, with a timer visible on
the screen. When the time was up, the first pause was prompted. During this pause,
participants in RP reflected on their performance using the cues and the leading ques-
tions. They were asked to think-aloud their reflections, and this think-aloud was recorded
through a microphone. During the same pause, the participants in No-RP watched an
advertisement video of an unrelated medical simulation game. They then were asked to
assess this game in the advertisement in writing.

For the second (i.e., ABC) and the third (i.e., ABCDE) task cluster, the same proce-
dure from the calibration till the activities during a pause was repeated. The duration
of gameplay was 4 and é minutes for the second and third cluster, respectively. After
each cluster, the participants rated their perceived cognitive load using the Paas scale.
Lastly, after the third pause, the participants filled in the handover report, being asked to
make it as concise and comprehensive as possible. In addition, a short questionnaire for

perceived utility of the CMAs ensued. The entire session took about 40 minutes.

2.4. Data Analysis

2.4.1. Eye-Tracking Data

The eye-tracking data included sampled measurements of pupil diameter and eye fixa-
tion location. This data was merged with game logs by synchronizing the game system
with the eye-tracking software, then imported into R version 3.5.1,% for data processing.
Pupillometry is well-known as an objective physiological measure of cognitive load in
medical simulation settings.?** To test H1 (i.e., the cognitive load construct), we used the
pupil diameter data to measure real-time cognitive load. All pupil diameter samples with
a value of O were removed. We then controlled for confounding factors in pupillometry,
namely, pupillary light reflex, off-axis distortion, and pupil dilation latency (see Lee et
al.® for details). As a result, means of absolute pupil increase against the baseline were
calculated for each cluster.

The fixation location data was processed to produce transition rates. Transition rate
refers to the number of gaze shifts per second from one area of interest (AOI) to an-
other, which can represent cognitive processes to collect information across different
AOlIs.>? We defined the upper-middle area of the screen where the VSM is located as
an AQI (Figure 17). The transition rate between this VSM AOI and none-VSM areas
was expected to reflect the vigilance on patients’ status, resulting in the test of H3 (i.e.,

the secondary performance). Since some pop-up windows can occasionally block the
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VSM areas (e.g., conversation with the virtual nurse), we extracted pop-up events from
).66

the game logs and modified the AOIls accordingly, by using Python (version 3.9.6

Figure 17. AOI definition: vital signs monitor (VSM) area versus none VSM area

VSM Area

None-VSM Area

2.4.2. Statistical Analysis

Outliers were removed using the Tukey method ¢”. To investigate the effects of reflective
pauses across all clusters, we first fitted linear mixed-effects models, using the Ime4 pack-
age®®in R. “Condition” and “Cluster” were entered as fixed effects with interaction term,
while “Participant” was treated as a random factor (random intercept). To see whether
the effects exist in specific clusters, we built separate models with dummy variables.
For the effects of the first pause on the second cluster, we defined dummy variables for
Cluster correct for the difference at the first cluster. For the effects of the second pause
on the third cluster, another dummy encoding for Cluster was used to correct for the dif-
ference at the second cluster. For all models, residual plots were visually inspected and
did not reveal any obvious deviations from homoscedasticity or normality. Likelihood
ratio tests of the full model with the effects in question against the model without these
effects obtained p values.

To calculate correlations between the reflection length (i.e., word count of the reflection
during pauses) and performance measures, we used the Kendall’s method. R was used
for all statistical analysis. We considered p < .05 to be statistically significant, except
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for the effects in specific clusters where p <.025 was applied to correct for the multiple

comparisons.

3. Results

Six clusters in the eye-tracking data and one cluster in the game logs were missing due to
technical issues in the connection between the game system and the iViewX software. For
the data quality of transition rate, eye-tracking data with tracking ratio below 50% and
accuracy deviation larger than two degrees were excluded. After the exclusion, the av-

erage tracking ratio was 96.9%, and the average accuracy deviation was 0.9 degrees.

Figure 18. Performance change over task clusters
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3.1. Effects of Reflective Pauses

Table 11 shows the descriptives of all measures of performance. The outcomes were
sorted by the three clusters. In general, pupil increase was enlarged over the clusters,
except that it decreased at the third cluster in RP, indicating lower cognitive load. The
Paas scale resulted in high scores overall (i.e., between 6 and 7) regarding the 9-point
ratings. Game score increased throughout all clusters. Transition rate also increased
over the clusters, except that it decreased at the third cluster in No-RP, indicating lower
vigilance on patient status. Handover report score was somewhat higher in RP. Figure
18 visualizes these changes in the measures. Only the measures that are applicable to
the clustering were included in this visualization.

To examine statistical significance in the effects of reflective pauses, we used linear
mixed-effects models. When comparing RP against No-RP in general, the models did
not show any significant difference between the two conditions in any of the measures.
However, when looking at the separate clusters, the third cluster showed a significant
difference in two measures: pupil increase and transition rate. Table 12 presents the
effects of Condition at the second and the third clusters on the different measures.

Table 12. Effects of reflective pauses on the measures of cognitive load and performance.

Construct Measure Effect B SE tvalue p

CL Pupil increase Condition(RP) in Cluster2 ~ -0.077 0.066 -1.160 0.248
Condition(RP) in Cluster 3 -0.245 0.066 -3.717 0.000

Paas scale Condition(RP) in Cluster2 ~ 0.027 0.254 0.107 0.915

Condition(RP) in Cluster 3 0.011 0.254 0.045 0.964

Primary performance Game score Condition(RP) in Cluster 2 11.760 15930 0.738 0.462
Condition(RP)in Cluster 3~ -11.759  15.926 -0.738 0.462

Secondary performance  Transition rate Condition(RP) in Cluster 2~ -1.717 1.826 -0.941 0.349
Condition(RP) in Cluster 3~ 4.254 1.850 2.299 0.024

Schema structure Handover report  Condition(RP) -0.154 0.613 -0.252 0.802

Note. Significant effects (p <.05) are in boldface. Cluster 1 was the reference for the Cluster 2 effect, and Cluster
2 was the reference for the Cluster 3 effect.

To test H1 (RP decreases cognitive load), we used pupil increase and the Paas scale.
Pupil increase showed a significant difference between the conditions at the third clus-
ter, while the Paas scale did not show any significant difference. For H2 (RP improves
primary performance), the game score did not show any significant effects. The measure
for H3 (RP improves secondary performance) demonstrated a significant effect in the
expected direction, again at the third cluster. No significant effects were detected in

the handover report measure for H4 (RP furthers development of cognitive schemas),
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although the difference was in the expected direction. The significant effects are marked
with asterisks in Figure 18.

In addition, to see whether any difference exists in the reference (i.e., baseline), a t test
was used for each measure in the first cluster. The results of this test are expected to show
whether the pre-training influenced the baseline of each measure. There was a signif-
icant difference of the condition only in pupil increase: It was higher in RP (M = 0.97,
SD = 0.24) than in No-RP (M =0.80, SD=0.29) (t (63)=-2.59, p=.012, d=0.64,
95% CI[-0.30, -0.04]).

Table 13. Correlations between reflection length measured by word count and performance

measures.
Reflection Pupil Increase  Paasscale  Game score  Transition rate Handover report
Reflection connectedto  0.06 0.27 0.37 0.15 NA
the previous cluster [-07,.19] [14, 40] [25,.49]  [-03,.32]
Reflection connectedto  0.02 0.31 0.24 0.03 -0.07
the next cluster [-12,19]  [13,.49] [08,.39]  [-17,.23] [-37,.22]

3.2. Exploration: Reflection Length and the Utility of the CMAs

As an exploration, we looked closer into the reflection activity in RP. First, we examined
whether the length of reflection is related to the performance in the previous or following
clusters. Table 13 shows the correlations between reflection length measured by word
count and performance measures. When compared with the previous cluster, the length
of reflection was positively correlated with the scores on the Paas scale, game score,
and transition rate. When pairing with the next cluster, the correlation existed only with
scores on the Paas scale and game score.

We then explored how students subjectively perceived the reflection activity. When asked
how helpful the reflection activity was for performance and learning, participants rated
it as 75%, on a scale where 0% represents not helpful at all and 100% represents fully
helpful. We also asked them why it was helpful or why it was not, via a multiple-choice
questionnaire. Table 14 shows the results of this questionnaire. Additionally, we asked
participants how helpful the CMAs were for the reflection activity. The students rated it
as 51% for the heatmap, 70% for the gameplay recording, 57% for the eye movements

superimposed on the gameplay screen, and 61% for the leading questions.
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Table 14. Result of questionnaire about the reflective activity

Question Option
If the reflection activity was helpful, - To plan and improve the next performance (100%)
how did it help? - To realize how | lack knowledge in the ABCDE method (94%)

- To get familiarized with the game functions (94%)
- To better understand the ABCDE method (64%)
- Others (17%)

If the reflection activity was not - | couldn’t evaluate my performance due to lack of knowledge

helpful, why was it2 and feedback (83%)
- | was not comfortable with the think-aloud (25%)
- Others (4%)

Note. Participants were able to choose multiple options for each question.

4. Discussion

This study investigated the effects of the reflective pause on different aspects of perfor-
mance and learning in simulation training. To make the reflective pause effective, we
developed three types of CMAs: prompts, cues, and leading questions. We prompted
three times of pauses between three part-task clusters and handover reporting in an
extreme scenario for medical training. In the RP condition, participants could use cues
and leading questions for their reflection. Using quantitative measures, we found that
two aspects of performance improved through reflective pauses: Cognitive load is de-
creased, and the domain-general aspects of performance (vigilance on patient status)
are enhanced. These effects appeared only in the later stage of the learning process,
improving the performance in the third part-task cluster.

The first hypothesis (H1) assumed that the reflective pause decreases cognitive load in
the intense scenario, as the participants could reinstate their working memory through
reflection. This was supported by pupillometry, showing smaller pupil increase in the RP
condition, while the subjective ratings did not show any significant difference between
the conditions. We consider H1 to be at least partly confirmed since pupillometry shows
higher sensitivity in measuring cognitive load than subjective ratings under two circum-
stances: when the task environment is highly dynamic (e.g., computer-based simulation),
and when the task includes the management of emotions (e.g., controlling heighted stress
in emergency situations).®?’

Interestingly, the effects of reflective pauses existed only in the third and last part-task
cluster, signifying some latency in the effects. We postulate two explanations for this

latency. First, an adaptation period is required to learn how to reflect using the CMA:s.
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Self-reflection is a metacogpnitive activity, a higher cognitive process that demands sub-
stantial resources in working memory resources.®’ Reportedly, these metacognitive activ-
ities can impose additional cognitive load.® On top of this, as participants were required
to learn how to use the CMAs and process the novel information from them, it is likely
that the participants were having trouble in the earlier stages to adapt themselves to the
new tools. From the additional analysis on the baseline of each measure, we discov-
ered significantly higher pupil increase at the first cluster in RP. We deem that this result
indicates the participants’ challenge against the adaptation, foreshadowing the latency.

The second explanation for the latency stems from the dynamic nature of tasks in
critical fields. Task environments in these fields are continuously changing, where novel
information gradually emerges as time progresses. The problems in these tasks are rarely
caused by a single factor but are an accumulation of minor and latent errors.”® Natu-
rally, practitioners tend to first focus on task completion itself rather than reflecting on
performance, while the signals of errors accumulate to a tipping point that composes
an integral perception of a problem.”"72 It is probable that information necessary for
reflection was not fully accumulated for the participants at the first cluster, resulting in a
lack of significant effects at that stage. Schmutz et al.? reported that reflection activity
becomes more robust in the later stage of performance in extreme task environments,
which is fully in line with our findings. This latency and the requirement of an adaptation
period should be studied further in the future, for instance, by testing with a lengthened
training duration where more time is provided to establish the effects on performance.

The second hypothesis (H2) expected the reflective pause to improve the domain-spe-
cific primary performance. lts theoretical assumption was that, during the reflective pause,
participants could recap the current problems and develop creative solutions by intercon-
necting domain-specific knowledge in long-term memory (i.e., schemas). Contrary to our
expectation, there was no significant difference in the primary performance between RP
and No-RP in any cluster. We suppose that the students could succeed in calming down
and recapping, yet could not arrive at the development of solutions to improve their
future performance. They might have been struggling with identifying the gap between
their problem states and goal states, not knowing how to improve their performance.
The result of the questionnaire about the CMAs supports this explanation: When asked
why the reflection activity was less helpful, 83% of students said they could not evaluate
their performance due to lack of knowledge and feedback.

Feedback is the information that indicates whether points-of-improvement exist.”®
Provision of feedback appears to be crucial for reflection particularly for critical fields.
In these fields, nonrecurrent aspects and uncertainty are prominent in tasks, thus the
problem-solving processes are schema-based, requiring creative solutions.” Hence,

feedback that can affect the schemas becomes essential to improve future performance.
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Bardach et al.? reported that combining reflection and feedback is more effective than
using only either reflection or feedback, which is in line with our explanation.

Although we intentionally excluded the feedback process from our study to identify
the exact effects of reflection, future research should compare this setup to that with
feedback. A necessary condition of feedback to foster reflection is to provide example
solutions of experts or peers and ask learners to critically compare their own solutions
with the example.*® We suggest that such example solutions should be provided during
reflection to make the reflection process fully effective. Additionally, more sensitive mea-
sure of domain-specific performance (e.g., diagnosis and intervention) can be explored
further. Although game score is a widely used assessment of performance, it can still
have limited sensitivity as it cannot account for the quality of primary performance in a
global manner.”>7

The third hypothesis (H3) assumed that the reflective pause enhances domain-general
secondary performance. As the optimization of cognitive load creates additional space
for secondary load, participants could devote more attention to situational changes,
enhancing the vigilance on patient status. In the RP condition, the transition rate across
the vital signs monitor was significantly higher in the third cluster, supporting H3 and its
assumptions. Transition rate has been known as an effective measure that can indicate
the level of situational awareness and expertise in diverse medical domains.>””%78 Our
findings demonstrate that it can also measure behavioral change in visual attention in
simulation training. Besides, we consider that presenting participants’ eye movements as
a cue for reflection (i.e., heatmap and eye movements superimposed on the gameplay)
helped to realize this change. Future research could investigate whether and how the
use of visual cues can be an effective educational technique that facilitates reflection
and behavioral changes in performance.

The last hypothesis (H4) assumed the improvement in schema structure thanks to the
interconnection with long-term memory during the reflective pause. H4 was not corrob-
orated, probably due to similar reasons as for H2. Due to the lack of feedback, partici-
pants could not properly diagnose their own schema nor identify whether points-of-im-
provement existed. Thus, despite the interconnection with long-term memory, learning
could not be promoted, resulting in no improvement in schema structure. Future research
could investigate how the combination of feedback and reflection affects learning as
well as performance. Moreover, it should better be tested over a lengthened period of
training time to find the longitudinal effects on learning, since the observed difference
was in the expected direction.

The exploration of the reflection in RP yielded additional insights for future studies. The
length of reflection was positively correlated with several performance measures (i.e.,

Paas scale, game score, and transition rate). We deem that this length merely represents

13




Chapter 5

the quantitative aspects of performance, such as the number of actions taken. Especially
when using cues for reflection, description of action tends to become richer in compar-
ison with when not using any cues.*® If a participant carried out more actions during
the simulation, their verbalization might become lengthier with their memory stimulated
by cues, increasing perceived mental effort and game score in general. The transition
rate’s correlation with the previous cluster could mean that participants were simply
verbalizing what they were looking at in the previous cluster, with scant connection with
the performance in the next cluster. Future studies could investigate qualitative aspects
of reflection by coding participants’ verbalizations, to deepen the understanding of the
reflection activity during pausing.

The results of our study clearly contribute to the existent debate on which method of
in-action reflection (e.g., when and how to prompt reflection) is more effective for tech-
nology-enhanced learning.??2 There is no one good method that fits all different task
environments: To make in-action reflection effective, proper CMAs should be provided
through task analysis and specification of learning goals. For instance, in a comput-
er-based simulation with an intense resuscitation scenario, reflection can be prompted
between part-tasks clustered via task analysis, being provided with cues and leading
questions for performance on patient safety. Additionally, this study demonstrates how
physiological measures such as eye-tracking can be invaluable by revealing changes
in cognitive processes in real time during performance. These contributions are in the

line of Taub et al.””

review that called for definition of constructs in reflection-prompting
methods and multimodal learner data in game-based learning.

This study opens new possibilities for research on in-action reflection in simula-
tion-based learning. Using multiple CMAs and systematically categorizing performance
measures, we have provided evidence for the benefits of the reflective pause. Its positive
effects on managing heightened cogpnitive load and increasing vigilance on situation-
al changes are clear advantages for professional skills in critical fields. Based on our
findings, future research can be developed by investigating relevant topics, for instance,
the effects of CMAs on learning, quality versus quantity of reflection, when and how to
combine reflection and feedback, and how to develop an effective instructional design
that takes the reflective pause into account.

From a practical view, designers of educational computer systems can immediately
implement the reflective pause in their systems (e.g., serious games, computer-based
simulation) by applying prompts, cues, and leading questions based on educational
theories and task analysis. With these well-designed CMAs, their systems can effectively
promote the complex skill of taking reflective pauses, creating extra learning opportu-
nities just-in-time. Even without any feedback, the use of reflective pauses can already

decrease learners’ cognitive load in extreme scenarios, and encourage learners to be
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more circumspect on situational changes. As shown by the results of our questionnaire,
students’ perceived utility of the reflective pause and the CMAs is positive, which means
the barriers should be low against the use of this technique in computer-based task
environments. However, designers and educators should take precautions when imple-
menting reflective pauses: familiarizing students with the reflective activity using CMAs
takes time and effort, and their expected positive effects probably only show up in the
later stage of the learning process. Moreover, the quality of reflection should also be
considered, as its quantity can merely represent the number of actions taken and hardly
affects the future behavior.

We recognize several limitations in our study. First, although we had built the theo-
retical background for the effects of the different types of CMAs, the effects of each type
were not independently studied. It is possible that one type of aids (e.g., game replay, the
add-on eye movements, heatmap) had positive effects while the others did not. Second,
the quality, as opposed to quantity, of reflection and its correlation with performance
and learning was not studied. Third, we used one specific scenario in medical domain,
customizing CMAs for this scenario. To generalize our findings, development of other
performance measures and CMAs specialized to different scenarios and domains should
follow. Forth, since our experiment was conducted in a controlled lab environment, more
factors from reality might have been excluded. For instance, time pressure during pauses
can play a significant role in reality. Future research can study this time management
aspect of the reflective pause.

To our knowledge, this study is the first attempt to identify tangible effects of the re-
flective pause in simulation-based training of complex skills in critical domains. Reflection
during performance in extreme task environments can appear to be contradictory and
uncomfortable for practitioners. When facing an emergency, they first jump into the task
and even a brief moment of reflection can be seen as a ‘luxury’. Therefore, researchers
and educators should be even more pronounced in breaking a lance for the reflective
pause. Being proven both theoretically and empirically, it enhances performance and the
safety level. Moreover, the reflective pause can create learning opportunities to bolster
lifelong learning for professionals, if implemented within a well-designed simulation

training with enriched cognitive and metacognitive support.
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Abstract

Pupillometry is known as a reliable technique to measure cogni-
tive load in learning and performance. However, its applicability
to virtual reality (VR) environments, an emerging technology for
simulation-based training, has not been validated. Specifically,
the VR display causes light reflexes that confound task-evoked
pupillary responses (TEPRs), impairing cognitive load measures.
Through this pilot study, we validated whether task difficulty
can predict cognitive load as measured by TEPRs corrected for
the light reflex and if these TEPRs correlate with cognitive load
self-ratings and performance. 14 students in health sciences
performed observation tasks in two conditions: difficult versus
easy tasks, whilst watching a VR scenario in home health care.
Then, a cognitive load self-rating ensued. We used a VR system
with a built-in eye-tracker and a photosensor installed to assess
pupil diameter and light intensity during the scenario. Employing
a method from the human-computer interaction field, we deter-
mined TEPRs by modeling the pupil light reflexes using a base-
line. As predicted, the difficult task caused significantly larger
TEPRs than the easy task. Only in the difficult task condition did
TEPRs positively correlate with the performance measures. These
results suggest that TEPRs are valid measures of cognitive load
in VR training when corrected for the light reflex. It opens up
possibilities to use real-time cognitive load for assessment and
instructional design for VR training. Future studies should test our
findings with a larger sample size, in various domains, involving

complex VR functions such as haptic interaction.

Keywords: Virtual reality; medical training; simulation; cognitive

load; physiological measure

124



Measuring Cognitive Load in Virtual Reality Training via Pupillometry

1. Introduction

As the COVID-19 pandemic is rapidly changing the education experience, Virtual Re-
ality (VR) has become a powerful alternative to physical simulation-based training.! VR
creates immersive task environments that provoke a sense of presence, emotions, and
engagement,?® which allows for a favorable training environment with high fidelity of
specific tasks.*¢ Some studies have reported positive effects of VR training on learning
outcomes and perceived usability.”® However, key challenges still remain: instructional
design or course structure for VR training have not been fully established,*?'® and few
studies have actually measured students’ performance during VR training.” In order to
build an effective instructional design for a new task environment, performance assess-
ment and progress monitoring are fundamental." This necessitates the development of

real-time measures of learning including task performance and cognitive load.

1.1. Cognitive Load Theory

Cogpnitive load theory (CLT) provides a useful framework to analyze learning processes
in simulation training.”"® CLT posits an “element interactivity” where heterogeneous
processes in cognitive, affective, and social domains coincide in working memory, 3¢
which is particularly relevant to simulation training that requires multiple tasks to be
performed simultaneously within complex environments,'>"'® Cogpnitive load refers to
the imposition of these processes caused by given tasks, to working memory that has
limited capacity.™"?

There are three types of cognitive load at a conceptual level: intrinsic cognitive load
which reflects the complexity of a task and a learner’s competency for performing the
task, germane cognitive load that pertains to learning, and extraneous cognitive load that
stems from distraction or suboptimal instructional design.?® Among these three, intrinsic
load can be measured experimentally by varying the level of task complexity.? If the
sources of germane and extraneous load are kept constant (e.g., excluding the require-
ment for learning and causes of distraction), infrinsic cognitive load can be assumed to be
equivalent fo total cognitive load.?? As intrinsic load can reflect learners’ competency for
performing a task, the level of cognitive load could correlate with performance outcomes.
Studies have shown that this correlation can be either positive or negative, depending
on characteristics of measurements or research context.'??*

If measured properly, cognitive load can be an effective indicator of performance,
learning, and expertise, which in turn informs instructional design.™?* Thus, measuring
cognitive load with a valid and reliable method has been an important issue in research
on learning and instruction.’®? In general, three methods have been used to measure

cognitive load: self-rating, secondary tasks, and psychophysiological indices.'?% In sim-
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ulation training, psychophysiological indices are shown to be the most sensitive measure
of the three.™ Specifically, eye-tracking indices have been used as a cognitive load mea-
sure for decades,?"2® demonstrating higher validity among other psychophysiological

measures such as heart rate or heart rate variability. "

1.2. Using Pupillometry in Virtual Reality

Pupil dilation is a well-validated measure of cognitive load in simulation training.? A
large body of literature has confirmed that pupil dilation correlates with cognitive de-
mands imposed by tasks such as solving arithmetic problems or spelling difficult words.?*-
3 At a physiological level, pupil dilation is known to be an involuntary response that
reflects noradrenergic activity in the locus coeruleus which regulates arousal, mental
activity, and emotion.***> Since pupil dilation reflects emotional activity, it can be an
effective measure of cognitive load caused by task difficulty especially when the task
includes the management of emotion.?? Moreover, pupil dilation may capture real-time
changes in cognitive load more robustly than self-rating in dynamic environments such
as computer-based simulation.?

Most modern eye-tracking systems can measure pupil diameter economically and
non-invasively.*® However, when using pupillometry to measure cognitive load in dynam-
ic task environments, researchers should be wary of a major confounder, the pupillary
light reflex. The cognitive effects on pupil size are notably small compared with the effects
of light intensity. The light condition of experimental rooms and the stimuli can affect pupil
size by 50%, while the changes in pupil size caused by cognitive processing for the
given task, or task-evoked pupillary responses (TEPR), account for only about 5% %. In
less dynamic task environments with static visual stimuli, researchers can control for light
reflexes by maintaining a constant light level in the room and using a baseline image of
the stimuli. However, these methods cannot be readily applied to VR simulation where
light conditions in the visual field change dynamically and participants move around
between different locations in the 3D world.

In fact, research that uses pupillometry to study cognitive processes during VR train-
ing is still in its early stage. Several challenges to this research can be recognized: (1)
difficulty of access to VR systems connected with eye trackers, (2) lack of learning con-
tents in VR training where task complexity can be scaled, and (3) technical challenges
in determining TEPRs by correcting for the light reflex.® In the field of human-computer
interaction, a few studies have shown that some cognitive processes such as emotion
can be measured in VR through psychophysiological indices.*”*8

This pilot study explores whether we could address the aforementioned challenges
through a structured experimental setup. In this setup, we build a VR system with an eye

tracker, develop a VR training environment where task complexity can be adjusted, and
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apply the technical methods to identify TEPRs. Three goals are specified for this study.
Firstly, we determine TEPRs by employing a light reflex compensation technique devel-
oped by Chen et al..¥” Secondly, we validate these TEPRs as a cognitive load measure in
VR training using two approaches: predictive validity that examines whether task difficulty
as a factor of cognitive load predicts changes in TEPRs, and concurrent validity to test
whether TEPRs positively correlate with other cognitive load measures such as self-rating.
Thirdly, assuming the validity, we explore correlations between TEPRs and performance.

We establish two hypotheses in order to examine the validity of the measure and the
correlations between cognitive load and performance through an experimental setup,
which will be reflected in the following sections.

H1. In a VR training environment, difficult tasks increase cognitive load more than
easy tasks.

H2. In a VR training environment, the level of cognitive load correlates with perfor-

mance level.

2. Methods

2.1. Participants and Design

Fourteen undergraduate students (12 females; mean age 20.5; SD = 1.5) in Health Sci-
ences were recruited at Maastricht University, the Netherlands. We used a within-subjects
design with task difficulty as the single factor. Two different conditions were presented
with the presentation order counterbalanced: easy task condition (ET) where participants
performed a simple observation task whilst watching a VR scenario, and difficult task

condition (DT) with high task complexity.

2.2. Materials and Technical Setup

A VR scenario for home health care was developed by a research team at Maastricht
University. In this scenario, a healthcare provider visits a patient to deliver medical care
and share social interaction. This scenario takes 9 minutes and is formatted for a 360-
degree head-mounted display.

Two researchers active in health sciences designed the observation tasks and the
assessment. In ET, a simple instruction was given: “Observe and report: What is the
homecare provider doing in the scenario2” In DT, more detailed observations were
requested: “What are the patient’s symptoms2 Describe at least three symptoms; What
are the strengths and weaknesses of the provider’s performance? Describe at least three
for each strengths and weaknesses.” The observation results were reported in writing.

We defined two performance measures: task score to represent the quality of the report,
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and report length for the level of detail measured by word count. The two researchers
scored the report, based on “Professional profile of registered nurses”, a health sciences
document commonly used in the Netherlands.

A personal computer (Intel Core i9-9900K, 32 GB RAM) ran the scenario, displaying
it through an HTC Vive Pro Eye headset (2880 x 1600 pixels, 110-degree visual field).
This headset has a built-in eye tracker with 120 Hz sampling rate that uses HTC SRanipal
SDK as an interface (version 1.3.1.0, www.vive.com). Following Chen et al.’s method,*
a photosensor (LDR sensor Iduino ST1107) was installed inside the headset to measure
the light intensity of the display (the upper side of Figure 19). An Arduino board (Arduino
UNO Rev3) connected the sensor to the computer via USB (the lower side of Figure 19).
The WorldViz Vizard software (version 6.0, www.worldviz.com) was used to arrange
stimuli presentation and data recording. We used the VR Eye-tracking Analytics Lab

package to synchronize the data from both the eye-tracker and the photosensor.

Figure 19. Photosensor installed inside the VR headset

Note. On the upper side, a photosensor was installed inside the headset to measure the light intensity of the
display. On the lower side, the Arduino board was mounted on the outside of the headset to connect the sensor
to the computer via USB.
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To model the light reflexes of individuals, we used a baseline stimulus, a VR scene of
an empty room. The light intensity of this scene was arranged fo increase in 10 stages
where each stage takes 5 seconds. For the self-rating of cognitive load, we employed
the widely used 9-point Paas Scale with the value 1 representing the lowest mental effort

and the value 9 representing the highest.*

2.3. Procedure

Individual sessions consisted of two trials, ET and DT in counterbalanced order. Initially,
participants were presented with instructions about the task. Next, they were positioned
to stand at the center of the VR area, then put on the VR headset. After a 5-point calibra-
tion and the baseline session, the scenario was presented. Participants could rotate their
heads or walk around in the VR area during the scenario. After the scenario, they report-

ed their task results, and self-rated their cognitive load for the task on the Paas Scale.

2.4. Data Analysis

The raw data included timestamps, light intensity, and pupil diameter. Using the baseline
data, we identified the dependence between light intensity and pupil diameter for each
trial of the participants. Following Watson and Yellott's work that presented a formula
describing light-adapted pupil size, a third-degree polynomial was fitted to the pupil di-
ameter versus light intensity.“° This resulted in a trend line formula for each trial. Applying
this formula, pupil dilation caused by light reflexes was predicted and subtracted from
the raw pupil diameter. We assumed the rest of the pupil diameter to be TEPRs. These
TEPRs were averaged over time for each trial, then the difference between ET and DT
was tested via a dependent sample t test.

For calculating correlations, the two conditions of ET and DT were averaged for
each participant, except when focusing on each condition. We calculated the Pear-
son correlation between continuous normal datasets (i.e., TEPRs and the report length)
while using Kendall’s method for the rest of the datasets. The task scores were averaged
between the two raters. The inter-rater reliability was examined (rT = 0.80). R (version
3.5.1, R Core Team, 2019) was used for statistical analysis. We considered p <.05 to

be statistically significant.

3. Results

3.1. TEPRs as a Cognitive Load Measure

Figure 20 demonstrates the change in TEPRs between ET and DT for all 14 participants.
As predicted, TEPRs were significantly larger in DT (mean = 0.06, SD = 0.33) than in ET
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(mean =-0.22, SD = 0.40) (p = .01). The model fits of the third-degree polynomial were
sufficient to show that the method can function properly (R? mean = 0.86, SD = 0.09).

Figure 20. The changes in TEPRs between ET and DT for all participants
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Note. The boxplots depict the quartile-based distribution of individual samples in each condition.

The Paas Scale significantly correlated with TEPRs (1T =0.51, p =.01). The self-rating
score was higher in DT (median = 5, range = 2-7) than in ET (median = 4, range = 2-6),

yet the difference between the conditions was not statistically significant (p =.07).

3.2. Correlations between TEPRs and Performance

When averaging ET and DT, TEPRs did not significantly correlate with performance. How-
ever, when focusing on either condition, DT showed significant correlations. In DT, TEPRs
positively correlated with task score (rT=0.45, p=.03) and report length (r=0.58,
p =.03), while the Paas Scale did with task score only (rT=0.56, p =.01) (Table 15).
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4. Discussion

The present study tested the validity of TEPRs as a measure of cognitive load in a VR
training environment. We have developed a VR learning environment where task com-
plexity can be adjusted, established a VR system with an eye tracker, and controlled
for the light reflex to determine TEPRs. We have confirmed the predictive validity as
cognitive load increased with task difficulty, and the concurrent validity as the cognitive

load correlated with the self-ratings. Additionally, performance measures correlated
with TEPRs only in DT.

Table 15. Correlations between TEPRs, Paas Scale, and the two performance measures in DT only

Variable TEPR Paas Scale Task score
Paas Scale 0.54(.01)
[.20, .89]
Task score 0.45(.03) 0.56 (.01)
[13,.77] [.27,.84]
Report length 0.58 (.03) 0.09 (.69) 0.37(.07)
[.07,.85] [-.21,.38] [.02,.72]

Note. p values are presented in parentheses. Values in square brackets indicate the 95% confidence interval
for each correlation.

The first hypothesis (H1) assumed that cognitive load is higher in difficult tasks than in
easy tasks in a VR fraining environment. We found a significant impact of task complexity
on cognitive load by using TEPRs, whereas the cognitive load self-rating did not show
statistically significant effects. An explanation for the higher sensitivity of TEPRs compared
with the self-rating might reside in the unique characteristics of VR task environments that
provoke dynamic emotions through immersion.”” While self-rating scales have been
developed for classroom-based settings and depend solely on participants’ judgment,
pupil dilation is an involuntary response that reflects arousal and emotions.*¢ Simulation
training often involves affective and social tasks that require the management of emotions.
Our observation tasks also included detecting the healthcare provider’s empathy for the
patient. In such task environments, pupillometry could be a more sensitive measurement
of cognitive load than self-rating. This finding is consistent with previous research in sim-
ulation-based training.'>?* We suggest that more future research is needed to study this
effect of emotional engagement on cognitive load in VR training.

Consequently, we largely confirm H1 based on the higher sensitivity of TEPRs as a cog-
nitive load measure in VR training environments. This supports TEPR’s predictive validity

as a cognitive load measure. Although the cognitive load self-rating showed lower sen-
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sitivity, it significantly correlated with TEPRs, which endorses TEPR’s concurrent validity
as a cognitive load measure.

The second hypothesis (H2) posited that the level of cognitive load correlates with
performance level in a VR training environment. Using TEPRs, we found that cognitive
load positively correlates with the two performance measures (i.e., task score and report
length), but only in DT condition. Here we suspect there is a ceiling effect in ET that might
have caused a weak discrimination in performance measures. We recommend that future
studies should include a task analysis beforehand in order to prevent scale attenuation
effects. Using the cogpnitive load self-rating, we found significant correlations only in DT
as well, but only with one performance measure (i.e., task score). We consider that this
might be related to the lower sensitivity of self-rating, which was explained through the
results of H1.

Concerning the positive direction of the correlation, it is likely that the sources of
cognitive load in this study were rather beneficial to performance. For instance, they
might have been stimulating information processing rather than harming performance. It
appears that the task environment in this study is not as overwhelming as other simulation
environments. The scenario was slow-paced, and the observation tasks were passive
without any psychomotor skills required. Studies have shown that correlations between
cognitive load and performance varied from positive to negative across different research
contexts.”? While this inconsistency may partly stem from measurement limitations,? we
argue that the nature of the factors that caused cognitive load determines the direction of
the correlations. If the factors are negative to performance (e.g., distraction) or make the
total cognitive load exceed working memory capacity, cognitive load should be inversely
proportional to performance. If the factors are positive (e.g., so-called germane cognitive
load,™®?" self-regulation?®*!), cognitive load can positively correlate with performance.
Again, we emphasize the importance of preceding task analysis to define the sources
of cognitive load in future studies.

The validity and utility of TEPRs found by the present study open up new possibilities
to improve research on VR training and instructional design for VR environments. Re-
searchers may expand this finding to more diverse VR training environments, investigate
the potential of pupillometry to assess cognitive processes during VR training, and test
if this new measure can be used to evaluate performers’ expertise. For educators who
search for an effective assessment tool for VR training, TEPRs can be a good option that
provides an objective indicator of performers’ competence to manage situational and
emotional challenges in complex environments. This assessment might compensate for the
lacking discriminatory power of traditional performance measures (e.g., questionnaires,

checklists), improving instructional design and training programs for VR environments.
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Our study has several limitations. First, as a pilot study, we used a small sample of
participants. This might reduce the generalizability of our findings. Second, the scenario
included only one domain, i.e., home health care. Our findings should be tested if they
are applicable to more diverse domains. Third, the VR content we used was formatted for
a 360-degree head-mounted display, which is only one type of VR technology. Future
studies should examine our methods in more advanced settings such as 3D-rendered VR
with haptic interaction. For these studies, a more careful control for confounding factors
should be required as various sensory modalities are involved in such complex envi-
ronments. Lastly, other confounding factors in pupillometry such as pupil foreshortening

)3¢42 were not corrected, due to a

error (i.e., the influence of gaze position on pupil size
lack of corresponding methods for VR environments.
To our knowledge, this study is the first to show the validity of TEPRs as a cognitive
load measure in VR healthcare training. The hidden potential of using VR training lies
in the utility of datasets from diverse sources such as eye-tracking, which provides rich
information about training development. Continued study is needed to improve the un-

derstanding of these datasets and make VR healthcare training more effective.
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General Discussion







General Discussion

Figure 21 presents an overview of the five studies and their main findings reported in

this PhD thesis. To deepen the understanding of pausing as a professional skill by inves-

tigating the pause effects theoretically and empirically, Study 1 provided a theoretical

framework for the medical pause, while the following four studies empirically examined

pause effects in computer-based simulation (CBS), based on this framework. After Study
2 validated the four measures and the task environment of the AbcdeSIM, Study 3 and

4 revealed the effects of pausing in terms of relaxation and reflection during pauses. In

preparation for future studies, Study 5 validated pupillometry to measure cognitive load

in VR environments.

Figure 21. Overview of the five studies and their main findings
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In this final chapter, | describe the main findings from each study including a meta-anal-
ysis of their combined observations. Then, | discuss the theoretical and methodological
contributions of the presented studies to the scientific literature as well as their limitations.
Next, practical implications for educators and CBS designers follow. Finally, the main

conclusion of all the work included in this thesis is presented.

1. Findings from this Thesis

Study 1 established the overall conceptual framework of the medical pause, by expli-
cating its importance, constituent processes, and implementation in training programs.
By using cognitive load theory, | presented a new triarchic model of primary load (PL,
cognitive load caused by domain-specific performance), secondary load (SL, caused
by domain-general processes such as self-regulation), and extraneous load (EL, caused
by task-irrelevant processes). To maximize performance, the working memory should be
neither overloaded nor underloaded by the total amount of cognitive load. The pausing
skill was introduced as the professional skill that finds and maintains this balance through
relaxation and reflection.

The identification of SL is particularly vital to critical fields such as medicine, since

|II

SLis closely related with “mindful” performance including self-monitoring and situation
awareness,"? which directly affects patient safety.*# Moreover, the recognition of SLas a
positive process that contributes to performance and learning broadens the perspective
toward cognitive load. There have been similar studies in general education that em-
phasize the role of SL. For instance, Wolfgang and Kirschner stressed the importance of
imposing cognitive load to enhance learning as it brings learners to the zone of proximal
development.® Studies on desirable difficulties® and cognitive load caused by self-regu-
lation”® can also be interpreted along the same line. | argue that the conceptualization of
the two types of loads that are associated with the cognitive and metacognitive processes
relevant for learning (i.e., PL and SL) provides a useful framework for research in medical
education, which unfolds in the following studies.

Study 2 laid the basis for empirical studies on the medical pause in CBS, by devel-
oping sensitive measures of performance and cognitive load in a CBS environment. First,
| presented a model of problem-solving that represents the level of expertise by using
theories from complex learning (e.g., 4C/1D?). Next, a task analysis with skill hierarchy
description followed, given a CBS environment of AbcdeSIM,'® a simulation game for
emergency medicine. Eventually, multiple indicators of performance (i.e., systematicity,
visual strategy, accuracy, speed) and cognitive load were discovered, and their validity

was examined in a controlled experimental setup.
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The findings of Study 2 emphasize the importance of theory-based cognitive task
analysis that should precede the validation of measures in CBS. Theory-based task anal-
ysis allows for an integral assessment of multiple aspects of performance, which is more
effective than one-dimensional evaluation.”? This is particularly substantial for assess-
ment in medicine where problem-solving processes contain extremely complex aspects
(e.g., routine or non-routine, algorithmic or heuristic).® | presume the measures’ validity
and sensitivity found in this study stem from the well-developed task analysis and fitting
operationalization to a specific task environment. Thanks to these validated measures, |
discovered that students fend to experience cognitive overload while playing AbcdeSIM,
which would benefit from pausing.

Study 3 showed how relaxation takes place during pauses and may help reduce
cognitive overload. This study used an intense scenario in AbcdeSIM with unexpected
advert events (i.e., epileptic seizure randomly attacks the patient), and a performance
measure that represents how effectively learners counteract the events (i.e., intensity-care
score). When pausing was available, participants showed both higher cognitive load
and performance, regardless whether they actually used the pause function or not. |
consider that this higher cognitive load indicates the existence of SL, confirming that
self-monitoring to deploy pauses can produce extra cognitive load. This self-monitoring
affected performance positively, resulting in higher intensity-care scores. Pausing tem-
porarily reduced cognitive load, which demonstrates that students tend to use pauses
for relaxation to cope with their heightened cogpnitive load.

Interestingly, given that pauses were available to be used freely, 50% of participants
did not take any pauses. Moreover, compared to these participants, the other 50% who
actually took pauses did not show any improvement in performance. The rare use of
pausing has also been reported by some studies in general education.™'® It suggests
that students neither are aware of the utility of pausing nor have skills to use pausing to
contribute to performance. | reckon that these results from Study 3 confirm the argument
from Study 1: Pausing is a professional skill that only experts with a developed clinical
judgement and time management skills can use properly. To help novice learners use
pausing productively, well-designed instructional support is necessary.

Study 4 demonstrated how reflection during pauses with the instructional support can
optimize cognitive load and improve performance. | developed three types of cognitive
and metacognitive aids (CMAs) to support the reflection: prompts, cues, and leading
questions. Performance was measured in two categories: domain-specific performance
(i.e., diagnosis and intervention) and domain-general performance (i.e., vigilance).
Heightened cognitive load decreased and vigilance was improved. However, these
effects emerged only in the later stage of the learning process, and the learners’ do-

main-specific performance did not improve.
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The key point of this study is the importance of well-designed reflection support. To
date, there has been an intensive debate on how to define reflective pauses and whether
they are beneficial or not."”"1? | argue that there is not one type of beneficial reflective
pause: How to design CMAs to make the pauses effective for given tasks is more import-
ant. Study 4 provides a good example of these CMA:s. Reflection was prompted between
part-tasks to maximize integration of constituent skills, and cues and leading questions
were provided to facilitate reflection on performance. These CMAs appear to make the
effects of reflective pauses prominent enough to be found in this study.

However, | find two limitations in the CMAs in Study 4: the latency of the effects,
and the absence of feedback. Since the positive effects emerge only in the later stage
of the learning process (i.e., latency), future research should investigate these effects by
including an adaptation period or using longitudinal setups. | also suspect the absence
of feedback prevented the domain-specific performance from improving, as feedback
can provide points-of-improvement and schema-structuring.”?® Although | intentionally
excluded the feedback process in this study to test the exact effects of reflection, future
studies should examine the effects of feedback integrated with other CMA:s.

Study 5 sets the stage for future studies in VR, by validating measures of cognitive
load in the new environment. Although pupillometry has been reliably used as a mea-
sure of cognitive load in 2D CBS, its applicability to VR environments had not been
tested before. Notoriously, pupil light reflexes caused by the VR display can confound
task-evoked pupillary responses (TEPRs) as a cognitive load measure. | controlled for
this confounding factor by modelling the light reflexes, inspired by methods from the
human-computer interaction field. By using a controlled experimental design where
task difficulty was manipulated as a single factor, | determined that TEPRs yield a valid
cognitive load measure in VR training. To my knowledge, this study is the first to show
this validity, paving the way for future studies exploring the pause effects in VR by using
a reliable measure of cognitive load.

The leitmotif in this project is that pausing is not a skill that simply drops cogpnitive
load and enhances performance just by taking arbitrary pauses. Availability of pausing
can even impose extra cognitive load as it evokes other types of cognitive processes to
regulate when and how to pause (i.e., self-regulation), as corroborated by Study 3 (the
higher cognitive load in the pause-available condition) and Study 4 (the higher cognitive
load in the reflective-pause condition in the earlier stage). However, this extra cognitive
load is not necessarily detrimental if it is caused by metacognitive processes beneficial
for performance and learning, as theoretically explained by Study 1 and empirically sup-
ported by Study 3 (enhanced performance in the pause-available condition). Moreover,
the increased cogpnitive load can gradually be optimized as learners continue practicing

the medical pause, given that they are guided by well-designed CMAs (the decrease in
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cognitive load in the later stage in Study 4). Once learners become more experienced
in the long term, their cognitive load may be fully optimized as shown by the experts’
lower cognitive load in Study 2.

Importantly, among diverse aspects of performance, the biggest beneficiary of paus-
ing appears to relate to patient safety. In this project, two performance measures were
enhanced by pausing: the infensity-care score (representing how well participants react
to sudden advert events) in Study 3, and the vigilance on patient status in Study 4. |
consider that the SL stimulated by the availability of pausing enhanced the intensity-care
score in Study 3, while the visual cues provided during reflective pauses encouraged
students to be attentive to the patient status in Study 4. This is a particularly meaningful
finding for medical education as standards for patient safety become higher each year.
Future studies in medical education could expand the research on this specific benefit of
pausing, focusing on the effects of activation of SL and the provision of cues to support

reflection.

2. Theoretical and Methodological Contributions

This project contributes to the literature in three ways: (1) deepened understanding of the
medical pause in healthcare training, (2) advanced application of new constructs (e.g.,
the triarchic model) in educational psychology (i.e. cognitive load theory, 4C/ID), and
(3) the development of innovative performance measures in CBS by using game logs
and eye-tracking.

For medical education, this project provides new approaches to safety culture by
introducing the medical pause. | focused on the basic nature of pausing and the cognitive
mechanisms shared between formal timeouts with structured protocols in a team set-

222 gnd informal timeouts that can occur individually without formal protocols.?*% The

ting
medical pause, then, was conceptualized as a cognitive practice that allows for mindful
and adaptive performance across this continuum of formal and informal timeouts. It con-
nects key concepts in safety culture, such as the slowing down phenomenon identified

[.12425 and the use of checklists by Pronovost et al.?¢28 This furthers the

by Moulton et a
existing discussion on timeouts, and encourages practitioners to consider how to adopt
a simple habit of pausing in workplaces. Moreover, the medical pause was identified
as a professional skill that should be systematically taught in educational programs. This
project also provided practical techniques to implement pausing in training programs,
which serves as a translational education effort.

For educational psychology, my research made theoretical contribution to psycho-

logical and educational models, in particular, cognitive load theory (CLT) and complex
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learning (4C/ID). In the CLT community, there have been continuing discussions about
types of cognitive load, such as intrinsic, germane, and extraneous load.>?’ | argue that,
while this traditional model is suitable to stable task environments where learning is the
main focus, it is less applicable to explain cognition in dynamic and critical task envi-
ronments where both learning and performance should be controlled by metacognitive
processes. Thus, | established a new triarchic model of cognitive load with PL, SL, and EL
as distinct constructs. This model is particularly useful to explain the interconnection be-
tween cognitive load, self-regulation, and learning processes. It contributes to the existing
discussion on interplay between cogpnitive load and self-regulation.”® Also, the terminolo-
gy presented in this project may facilitate explicit communication between researchers in
cognitive psychology and education, promoting future studies on the interplay between
cognitive and metacognitive processes in highly dynamic task environments.

According to 4C/ID, the metacognitive processes to control performance and learn-
ing require support to function and develop properly. | introduced concepts from 4C/ID,
such as second-order scaffolding and part-task sequencing, to produce a good example
of CMA:s for taking reflective pauses. A part-task sequencing method of forward chaining
with snowballing was used to prompt pauses at the points where the interconnection
between different cogpnitive skills is maximized. The guided discovery method was used
to help learners start from what they already know and develop their schemas by an-
swering leading questions. This project demonstrated how key concepts from 4C/ID
can be applied to provide instructional support for metacognitive processes in dynamic
task environments. Based on this example, future studies can further investigate different
forms of second-order scaffolding, by studying the effects of CMAs on learning and
developing instructional designs for metacognitive processes such as reflective pausing.

From a methodological viewpoint, this project has shown an advanced application
of diverse data sets (e.g., game logs, eye-tracking) to measure cognitive processes in
performance and learning. By combining these data sets, | developed multiple indicators
of performance, such as systematicity, accuracy, speed, and cognitive load. Throughout
the project, | demonstrated (1) how machine learning techniques can be used to measure
important aspects of performance such as systematicity, (2) how synchronizing game
logs and eye-tracking data can yield valuable information, and (3) how pupillometry
can be refined to be a reliable measure of cognitive load by employing methods from
human-computer interaction. This provides good examples of the development of infor-
mative and reliable measures, facilitating future studies in performance assessment in
diverse CBS task environments.

Additionally, this project showed the explicit strengths of eye-tracking for research in
CBS: It can (1) reveal hidden cognitive features (e.g., expertise, cognitive load, vigilance)

that subjective ratings cannot capture, (2) provide support for reflection by recording
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visual behaviors and presenting them as a cue, and (3) be applied to diverse format of
CBS such as 2D serious games or 3D VR, as these CBS task environments heavily depend
on visual stimuli. My project showed that future studies using such task environments could

benefit from these specific advantages of eye-tracking.

3. Limitations

There are several limitations in this project. First, | did not consider social factors that could
influence the effects of pausing (e.g., personality of practitioners, social pressure).? For
example, social pressure to maintain a communicative mode during a surgery could
affect the initiation of pausing. This social effect of pausing can be studied further in the
field of team learning in medical practice.

Second, although Study 1 mentioned the possibility of negative effects of pausing,
it was not specifically investigated in the empirical studies. In extreme situations where
expediency should be prioritized (e.g., emergency cesarean section), the benefit of paus-
ing can be doubted. In teamwork, an individual’s pausing could deteriorate collective
performance. These negative aspects of pausing can be further studied by considering
more factors and consequences of pausing.

Third, this project tested the pause effects only in simulation-based task environments.
Future studies could extend the research to real-task environments or the actual work-
place. Fourth and lastly, since this project focused on the short-term effects of pausing,

future studies could test its long-term effects using longitudinal study setups.

4. Practical Implications

Table 16 presents instructional methods and their applications in three different phases of
training: before, during, and after the training. In existing simulation-based training pro-
grams, educators can readily implement pausing following these methods. As preparation
before the training, learners should be informed of the importance of and strategies for
taking pauses. CMAs should be designed based on cognitive task analysis. The degree
of support by supervisors should be negotiated based on learners’ competency levels.

The terminology from the medical pause can be used to facilitate this communication.
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During training, pauses are initiated through support of the CMAs, while additional
pauses can be improvised guided by the supervisors. When using CBS in a classroom,
a large screen shares what learners are playing in the CBS. During the pauses, students
reflect on their performance and discuss with peers on how to improve their perfor-
mance. After each pause, they can take turns leading the scenario to apply the newly
found solutions in real time. As cognitive load can be too high due to the activation of
SL, in case of highly demanding simulation tasks, other types of cognitive load should
be reduced, for instance, by lowering the fidelity levels of the simulation (e.g., removing
sound effects from the simulation).

Atfter the training in the classroom, students can repeatedly practice the scenario and
the pausing strategies at home by using online access to the CBS. Students’ performance
data can be stored to track their development, and replayed for later reflection. In con-
sultation with educators and researchers, CBS designers could implement CMAs that au-

tomatically support training of pause skills, to make the remote online learning effective.

5. Conclusion

Strategies for safety training often fail: Professionals hardly conform to timeout protocols
and trainees disregard prompts to pause for reassessment of safety measures. As “cul-
ture eats strategy every time”,*° to shift the focus of discussion from strategy to culture,
discussion on the medical pause should be nurtured through research, communication,
and education. In highly dynamic and critical task environments, healthcare practitioners
are either overloaded or underloaded, leading to undesirable consequences. Although
it can sound contradictory or uncomfortable to healthcare professionals, studies have
proven that the medical pause can bring about fundamental changes. Through training
supported by enriched cognitive and metacognitive support, the medical pause can
be learned as an integral part of clinical expertise. By mastering the medical pause,
healthcare professionals profit from its benefits, knowing when and how to pause and

so improve the patient safety.
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Summary

This PhD thesis aims to foster the understanding of the medical pause as a professional
skill that should be taught in educational programs, by investigating the effects of pausing
both theoretically and empirically. In Chapter 1, General Introduction, | review previous
studies on pausing skills in medical education and education in general. To explain
cognitive mechanisms that constitute pausing skills, cognitive load theory is infroduced.
Relaxation and reflection are stressed as the two major cognitive processes that make
pausing effective for increasing performance and learning. Computer-based simulation
(CBS) is illustrated as a promising environment for pausing skills for both educational and
research purposes. This introductory chapter presents an overview of the five studies that
build up this thesis. Study 1 provides a theoretical framework of the medical pause. After
Study 2 validates performance measures and the task environment of a CBS, namely, a
serious game. Study 3 and 4 investigate the two processes during pauses, that is, relax-
ation and reflection. Finally, Study 5 tests the generalizability of the findings in another
type of CBS environment, Virtual Reality (VR).

Chapter 2 establishes a systematic conceptualization of the medical pause, focusing
on its importance, processes, and implementation in training programs. By employing
insights from educational sciences and cogpnitive psychology, | first identify pausing as
an important skill to interrupt negative momentum and bolster learning. Subsequently, |
categorize constituent cognitive processes for pausing skills info two phases: the deci-
sion-making phase (determining when and how to take pauses) and the executive phase
(applying relaxation or reflection during pauses). | present a new model that describes
how relaxation and reflection during pauses can optimize cognitive load in performance.
Several strategies to implement pause training in medical curricula are proposed: inter-
twining pause training with training of primary skills, providing second-order scaffolding
through shared control, and employing auxiliary tools such as CBS with a pause function.

Chapter 3 aims to validates performance measures and the task environment of a

serious game for emergency medicine (i.e., AbcdeSIM) by testing whether the measures
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developed in this study can predict different levels of prior knowledge. Based on theories
of complex-skill acquisition (e.g., 4C/ID), | derive four performance aspects that prior
knowledge may affect: (1) systematicity in approach, (2) accuracy in visual attention
and motor reactions, (3) speed in performance, and (4) cognitive load. The measures
are developed to represent these aspects by using machine learning, game-log analysis,
and eye-tracking.

Participants were 24 medical professionals (experts, with high prior knowledge)
and 22 medical students (novices, with low prior knowledge). After pre-training, they
all played one scenario, during which game logs and eye movements were collected. A
cognitive-load questionnaire ensued. During game play, experts demonstrated a more
systematic approach, higher accuracy in visual selection and motor reaction, and a
higher performance speed than novices. Their reported levels of cognitive load were
lower. These results indicate that prior knowledge has a substantial impact on perfor-
mance in AbcdeSIM, opening up the possibility of using the measures for performance
assessment.

Chapter 4 investigates how pausing affects performance and cognitive load in in-
tense situations in AbcdeSIM. On the assumption that allowing pauses and actually
taking pauses are two different kinds, the effects of these two constructs are tested re-
spectively. Medical students (N = 70) were randomly assigned to one of two conditions:
simulation with (n = 40) and without (n = 30) the option to take pauses. All participants
played the same two scenarios, during which game logs and eye-tracking data were
recorded.

Overall, both cognitive load and performance were higher in the condition with
pauses than in the one without pauses. The act of pausing, however, temporarily lowered
cognitive load, especially during intense moments. Two different manifestations of the
pause effect were identified: (1) by stimulating additional cognitive and metacognitive
processes, pauses increased overall cognitive load; and (2) through relaxation, the act
of pausing temporarily decreased heightened cognitive load. Consequently, these results
suggest that in order to enhance students’ performance and learning it is important to
encourage them to utilize the different effects of pausing depending on the given situation.

Chapter 5 examines the effects of reflective pauses on performance, given that in-
structional support for reflection is provided. By using concepts from complex learning,
| propose how to design cognitive and metacognitive aids (CMAs) to support reflection
processes during pauses. Assuming reflective pauses with CMAs help to optimize cog-
nitive load and allow for restructuring of mental models, | examine their effects on four
aspects of performance and learning: cognitive load, domain-specific performance,

domain-general performance, and the structure of cognitive schemas.
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Medical students (N = 72) performed tasks in the AbcdeSIM task environment, in two
conditions: reflection condition (n = 36) where reflection was prompted during pauses,
and control condition (n= 36) without such prompts. The effects of reflective pauses
only emerged in the later stage of the learning process, while no significant effects
were identified in the early stage. Cognitive load decreased and the domain-general
aspects of performance improved. However, domain-specific performance aspects and
schema structure did not improve, probably due to lacking feedback during reflection.
These results suggest that theory-based support design can make in-action reflection
more effective, demonstrating that reflective pauses can enhance performance, but an
adaptation period is required.

Chapter 6 explores whether the indicators found in the previous studies can be ap-
plied to VR environments. Although pupillometry is well-known as a reliable technique to
measure cognitive load in 2D environments, its applicability to 3D VR environments had
not been validated yet. Specifically, the VR display causes light reflexes that confound
task-evoked pupillary responses (TEPRs). Through this pilot study, | validate whether task
difficulty can predict cognitive load as measured by TEPRs corrected for the light reflex
and if these TEPRs correlate with cognitive load self-ratings and performance.

Fourteen students in health sciences performed observation tasks in two conditions:
difficult versus easy tasks, whilst watching a VR scenario in home health care. Then, a
cognitive load self-rating ensued. | used a VR system with a built-in eye-tracker and a
photosensor installed to assess pupil diameter and light intensity during the scenario.
Employing a method from the human-computer interaction field, | determined TEPRs by
modeling the pupil light reflexes using a baseline. As predicted, the difficult task caused
significantly larger TEPRs than the easy task. Only in the difficult task condition did TEPRs
positively correlate with the performance measures. These results suggest that TEPRs
are valid measures of cognitive load in VR training when corrected for the light reflex.
It opens up possibilities to use real-time cognitive load for assessment and instructional
design for VR training.

Chapter 7 is the General Discussion which brings the findings from all studies together.
By connecting these findings, it discusses how the studies in this thesis contributed to the
investigation of the pause effects and deepened the understanding of the medical pause.
Throughout the five studies, the medical pause is identified as a complex professional skill
that should be understood through interplay between cogpnitive load, self-regulation, and
learning processes. Among diverse aspects of performance that pausing can enhance,
the biggest beneficiary of pausing appears to relate to patient safety.

Theoretical and methodological contributions of this project are identified in three
fields: (1) healthcare training (2) educational psychology (i.e. cognitive load theory, 4C/

ID), and (3) performance assessment in CBS. This project provides new approaches to
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safety culture by introducing the medical pause, and facilitates the existing discussion on
the interplay between cognitive load and self-regulation by establishing a new triarchic
model of cognitive load with PL, SL, and EL. By using game logs and eye-tracking, it
presents an advanced application of diverse data sets to measure cognitive processes
in performance and learning.

Limitations of the studies are illustrated to guide future researchers to unfold the re-
search on the medical pause. Also, practical implications for educators and CBS de-
signers are discussed by suggesting instructional applications. For instance, the degree
of support by supervisors should be negotiated based on learners’ competency levels
before the training. During the training, pauses are initiated through support of the CMAs,
while additional pauses can be improvised guided by the supervisors. After the training,
students can repeatedly practice the scenario and the pausing strategies at home by

using online access to the CBS.
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Samenvatting

Dit proefschrift beoogt het begrip voor medische pauzes te bevorderen als een professi-
onele vaardigheid die in onderwijsprogramma’s onderwezen zou moeten worden, door
de effecten van pauzeren zowel theoretisch als empirisch te onderzoeken. In hoofdstuk
1, Algemene inleiding, geef ik een overzicht van eerdere studies over vaardigheden in
het geven van pauzes in het medisch onderwijs en het onderwijs in het algemeen. Om
de cognitieve mechanismen van pauzerende vaardigheden te verklaren, wordt de cog-
nitieve belastingstheorie geintroduceerd. Ontspanning en reflectie worden benadrukt als
de twee belangrijkste cognitieve processen die pauzeren effectief maken voor het verbe-
teren van prestaties en leren. Computergebaseerde simulatie (CBS) wordt gegeven als
een veelbelovende omgeving voor pauzerende vaardigheden voor zowel onderwijs- als
onderzoeksdoeleinden. Dit inleidende hoofdstuk geeft een overzicht van de vijf studies
waaruit dit proefschrift is opgebouwd. Studie 1 geeft een theoretisch kader over het
medisch pauzeren. Hiernq, in studie 2, worden prestatiemetingen en de taakomgeving
van een CBS, namelijk een serious game, gevalideerd. Studie 3 en 4 onderzoeken de
twee processen tijldens pauzes, namelijk ontspanning en reflectie. Tot slot test studie 5 de
generaliseerbaarheid van de bevindingen in een ander type CBS-omgeving, namelijk
Virtual Reality (VR).

Hoofdstuk 2 geeft een systematische conceptualisering van de medische pauze, met
aandacht voor het belang, de processen en de implementatie ervan in opleidingspro-
gramma'’s. Door gebruik te maken van inzichten uit de onderwijswetenschappen en de
cognitieve psychologie, identificeer ik eerst het nemen van pauzes als een belangrijke
vaardigheid om negatief momentum te onderbreken en het leren te versterken. Vervol-
gens categoriseer ik de cognitieve processen die nodig zijn om te kunnen pauzeren
in twee fasen: de besluitvormingsfase (bepalen wanneer en hoe te pauzeren) en de
vitvoerende fase (ontspanning of reflectie toepassen tijdens pauzes). Ik presenteer een
nieuw model dat beschrijft hoe ontspanning en reflectie tijldens pauzes de cognitieve

belasting in de uitvoering kunnen optimaliseren. Verschillende strategieén om pauzet-
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raining te implementeren in medische curricula worden voorgesteld: het verweven van
pauzetraining met training van primaire vaardigheden, het bieden van second-order
scaffolding door middel van gedeelde controle, en het inzetten van hulpmiddelen zoals
CBS met een pauzefunctie.

Hoofdstuk 3 heeft tot doel de prestatiemaatstaven en de taakomgeving van een
serieuze game voor spoedeisende geneeskunde (i.e., AbcdeSIM) te valideren door te
testen of de in deze studie ontwikkelde maatstaven verschillende niveaus van voorkennis
kunnen voorspellen. Gebaseerd op theorieén over het verwerven van complexe vaar-
digheden (bv. 4C/ID), leid ik vier prestatieaspecten af die door voorkennis beinvioed
kunnen worden: (1) systematiek in aanpak, (2) nauwkeurigheid in visuele aandacht en
motorische reacties, (3) snelheid in uitvoering, en (4) cognitieve belasting. De maatstaven
worden ontwikkeld om deze aspecten weer te geven door middel van machine learning,
game-log analyse, en eye-tracking.

De deelnemers waren 24 medische professionals (experts, met hoge voorkennis)
en 22 medische studenten (nieuwelingen, met lage voorkennis). Na de pre-training
speelden ze allemaal één scenario, waarbij game-logs en oogbewegingen werden
verzameld. Daarna werd een vragenlijst over cognitieve belasting afgenomen. Tijdens
het spel vertoonden experts een meer systematische aanpak, een hogere nauwkeurig-
heid in visuele selectie en motorische reactie, en een hogere uitvoeringssnelheid dan
nieuwelingen. De door hen vermelde niveaus van cognitieve belasting waren lager.
Deze resultaten geven aan dat voorkennis een substantiéle invloed heeft op prestaties
in AbcdeSIM, wat de mogelijkheid opent tot het gebruiken van de maatstaven voor
prestatiebeoordeling.

Hoofdstuk 4 onderzoekt hoe pauzeren prestaties en cognitieve belasting beinvloedt
in infense situaties in AbcdeSIM. Uitgaande van de veronderstelling dat het toestaan
van pauzes en het daadwerkelijk nemen van pauzes twee verschillende soorten zijn,
worden de effecten van deze twee opstellingen getest. Medisch studenten (N =70)
werden willekeurig toegewezen aan een van de twee condities: simulatie met- (n = 40)
en zonder (n=30) de mogelijkheid om pauzes te nemen. Alle deelnemers speelden
dezelfde twee scenario’s, waarbij game logs en eye-tracking data werden geregistreerd.

Over het geheel genomen waren zowel de cognitieve belasting als de prestaties
hoger in de conditie met pauzes dan in de conditie zonder pauzes. De handeling van
het pauzeren verlaagde echter tijdelijk de cognitieve belasting, vooral tijdens intense mo-
menten. Twee verschillende manifestaties van het pauze-effect werden geidentificeerd:
(1) door extra cognitieve en metacognitieve processen te stimuleren, verhoogden pauzes
de totale cognitieve belasting; en (2) door ontspanning, verminderde de handeling van
het pauzeren tijdelijk de verhoogde cognitieve belasting. Deze resultaten suggereren

dat, om de prestaties en het leren van studenten te verbeteren, het belangrijk is hen aan
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te moedigen de verschillende effecten van pauzeren te gebruiken, afhankelijk van de
gegeven situatie.

Hoofdstuk 5 onderzoekt de effecten van reflectieve pauzes op de prestaties, ge-
geven dat instructieve ondersteuning voor reflectie wordt geboden. Door gebruik te
maken van concepten uit complex learning, stel ik voor hoe cognitieve en metacogni-
tieve hulpmiddelen (CMAs) ontworpen kunnen worden om reflectieprocessen tijdens
pauzes te ondersteunen. Ervan uvitgaande dat reflectieve pauzes met CMA’s helpen om
cognitieve belasting te optimaliseren en herstructurering van mentale modellen mogelijk
te maken, onderzoek ik hun effecten op vier aspecten van prestatie en leren: cognitieve
belasting, domeinspecifieke prestatie, domein-generalere prestatie, en de structuur van
cognitieve schema's.

Studenten geneeskunde (N =72) voerden taken uit in de AbcdeSIM taakomge-
ving, in twee condities: reflectieconditie (n = 36), waar reflectie werd gevraagd tijdens
pauzes, en controleconditie (n = 36) zonder dergelijke prompts. De effecten van reflec-
tiepauzes kwamen pas naar voren in de latere fase van het leerproces, terwijl er geen
significante effecten werden gevonden in de vroege fase. De cognitieve belasting nam
af en de domeinspecifieke aspecten van de prestatie verbeterden. Domeinspecifieke
prestatieaspecten en schemastructuur verbeterden echter niet, waarschijnlijk als gevolg
van het ontbreken van feedback tijdens de reflectie. Deze resultaten suggereren dat een
op theorie gebaseerd ondersteuningsontwerp in-actie reflectie effectiever kan maken,
en tonen aan dat reflectieve pauzes de prestaties kunnen verbeteren, maar dat een
aanpassingsperiode nodig is.

In hoofdstuk 6 wordt onderzocht of de indicatoren die in de eerdere studies zijn
gevonden, kunnen worden toegepast op VR omgevingen. Hoewel pupillometrie bekend
staat als een betrouwbare techniek om cognitieve belasting te meten in 2D omgevingen,
was de toepasbaarheid op 3D VR omgevingen nog niet gevalideerd. Het VR beeld-
scherm veroorzaakt lichtreflexen die taak-geévokeerde pupilresponsen (TEPRs) verstoren.
Met deze pilootstudie wil ik nagaan of de moeilijkheidsgraad van de taak cognitieve
belasting kan voorspellen aan de hand van TEPRs gecorrigeerd voor de lichtreflex en
of deze TEPRs correleren met cognitieve belasting en prestatie.

Veertien studenten gezondheidswetenschappen voerden observatietaken uit in twee
condities: moeilijke versus makkelijke taken, terwijl ze naar een VR-scenario in de thuisge -
zondheidszorg keken. Daarna volgde een zelfbeoordeling van de cognitieve belasting.
lk gebruikte een VR-systeem met een ingebouwde eye-tracker en een fotosensor om de
pupildiameter en de lichtintensiteit tiidens het scenario te beoordelen. Gebruikmakend
van een methode uit het human-computer interaction veld, bepaalde ik TEPRs door de
pupil licht reflexen te modelleren met behulp van een baseline. Zoals voorspeld, veroor-

zaakte de moeilijke taak aanzienlijk grotere TEPRs dan de gemakkelijke taak. Alleen in
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de moeilijke taakconditie correleerden TEPRs positief met de prestatiemetingen. Deze
resultaten suggereren dat TEPRs geldige maatstaven zijn voor cognitieve belasting in
VR training wanneer gecorrigeerd wordt voor de lichtreflex. Het opent mogelijkheden
om real-time cognitieve belasting te gebruiken voor beoordeling en instructieontwerp
voor VR training.

Hoofdstuk 7 is de Algemene Discussie waarin de bevindingen uit alle studies worden
samengebracht. Door deze bevindingen met elkaar te verbinden, wordt besproken hoe
de studies in dit proefschrift hebben bijgedragen aan het onderzoek naar de pauze-ef-
fecten en het begrip van de medische pauze hebben verdiept. Doorheen de vijf studies
wordt de medische pauze geidentificeerd als een complexe professionele vaardigheid
die begrepen moet worden door de wisselwerking tussen cognitieve belasting, zelfregu-
latie, en leerprocessen. Onder de verschillende aspecten van de prestaties die pauzeren
kan verbeteren, lijkt de grootste begunstiging van pauzeren betrekking te hebben op de
veiligheid van de patiént.

Theoretische en methodologische bijdragen van dit project worden geidentificeerd op
drie gebieden: (1) opleiding in de gezondheidszorg (2) onderwijspsychologie (d.w.z.
cognitieve belastingstheorie, 4C/ID), en (3) prestatiebeoordeling in het CBS. Dit project
biedt nieuwe benaderingen voor veiligheidscultuur door de medische pauze te introdu-
ceren, en vergemakkelijkt de bestaande discussie over de wisselwerking tussen cognitie-
ve belasting en zelfregulatie door een nieuw triarchisch model van cognitieve belasting
met PL, SL, en EL op te stellen. Door gebruik te maken van game logs en eye-tracking,
wordt een geavanceerde toepassing van diverse datasets gepresenteerd om cognitieve
processen in prestaties en leren te meten.

Beperkingen van de studies worden geillustreerd om toekomstige onderzoekers een
leidraad te geven bij het vitbouwen van het onderzoek naar de medische pauze. Ook
worden praktische implicaties voor opleiders en CBS-ontwerpers besproken door in-
structieve toepassingen voor te stellen. Bijvoorbeeld, de mate van ondersteuning door
supervisors zou moeten worden onderhandeld op basis van het competentieniveau
van de lerenden vé4r de opleiding. Tijdens de training worden pauzes geinitieerd door
ondersteuning van de CMA's, terwijl extra pauzes kunnen worden geimproviseerd onder
leiding van de supervisors. Na de training kunnen de cursisten het scenario en de pau-

zestrategieén thuis herhaaldelijk oefenen door gebruik te maken van de online toegang
tot het CBS.
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Impact Chapter

The medical pause is about strengthening safety culture. This project deepens the un-
derstanding of the medical pause, by producing conceptual models and evidence of
its effects on learning in computer-based simulation (CBS). The findings reinforce the
discussions on safety culture in healthcare by advancing research, education, and tech-
nology. In the following, this contribution is described in three parts: scientific impact
(safety culture and medical education, educational science), societal impact (educators,

CBS designers, and technology industry), and dissemination activities.

1. Scientific Impact

Safety Culture and Medical Education

Patient safety is one of the major topics in healthcare research. This project provides new
approaches to research on safety by connecting existing key concepts such as timeouts, 2
checklists,*> and slowing down phenomena,®® and introducing an integral concept of
the medical pause. The cognitive mechanisms shared among the previous studies are
identified and consolidated based on cognitive psychology, which expands the focus
of discussion from strategy (e.g., timeout protocols) to culture (e.g., shared understand-
ing of pausing). This moves the literature on safety culture one step further and allows
future studies to build upon the literature through the newly developed understanding
and terminology.

For medical education and training, it proposes the medical pause as a professional
skill that should be taught already from early phases in training programs. To serve as
a translational educational effort, it provides practical techniques to implement pausing
in training programs as well as examples of application. This provision may be of value

to educators seeking to design better training programs that foster the habit of reflective
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practice. They can start by introducing simple applications such as checklists that prompt

learners to plan and improvise pauses on their own.

Educational Science

For educational psychology, this project further develops the existing discussion on in-
terplay between cogpnitive load and self-regulation.?!° Furthermore, it establishes a new
triarchic model of cognitive load with primary, secondary, and extraneous load. This
model is particularly powerful in explaining the interconnection between cogpnitive load,
self-regulation, and learning processes. The concepts and terminology presented in this
project (e.g., pausing skills, planning and improvising, relaxation and reflection) can
facilitate explicit communication between researchers in education, promoting future
studies on the interplay between cognitive load and self-regulation.

Research on CBS and gamification also benefits from this project. | developed mul-
tiple indicators for performance assessment based on educational theories by using e
and eye-tracking data. This provides good examples of the development of reliable
measures, facilitating future studies in performance assessment in CBS task environments.
Especially, eye-tracking has shown exceptional strengths for research in CBS: It can
(1) reveal hidden cognitive processes (e.g., cognitive load, vigilance) that subjective
ratings cannot capture, (2) provide support for reflection by recording visual behaviors
and presenting them as a cue, and (3) be applied to diverse formats of CBS such as 2D
serious games or VR, as these CBS task environments heavily depend on visual stimuli.
Future studies on learning in CBS can refer to the methods used in this project to utilize
these potentials of eye-tracking.

2. Societal Impact

Educators

Educators and trainers can immediately implement pausing in existing programs. As
prompting learners to plan and reflect has already been used as a teaching method in
many training programs, pausing fo reflect can be readily integrated. As | suggested in
Study 1, supervisors should assess the learners’ competency beforehand, then discuss
how much control on planning or improvising of pausing can be granted to the learners.
The terminology from the medical pause can be used to facilitate this discussion.

The use of CBS and eye-tracking to train pausing skills can be integrated in current
educational settings, such as problem-based learning and blended learning. In a class-
room, a large screen shares what learners are playing in the CBS, while a computer

with an eye-tracker is saving the data. In small groups, students discuss with peers on
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when and how to pause to improve learning and performance. During the pauses, they
take turns leading the scenario to apply the newly found solutions in real time. At home,
students can repeatedly practice what they learned in the classroom by using online
access. Students’ performance data can be stored to track their development and re-

played for later reflection.

Computer-Based Simulation (CBS) Designers

Although many CBS systems already have a pause function available, CBS designers are
not sufficiently aware of the importance of providing support to make pauses contribute
to learning. This project presents a good example of this support, namely, cognitive and
metacognitive aids (CMAs) with prompts, cues, and leading questions. CBS designers
can use this example when implementing a pause function in their systems. CMAs should
be designed to fit the learning goals through a task analysis, which requires active com-
munication between CBS designers, educators, and researchers.

Importantly, when implementing a pause function with CMAs, the extra cognitive
load that might be imposed on learners should be taken into account. Although the
extra cognitive load could contribute to performance (i.e., secondary load), if the total
cognitive load exceeds the learners’ working memory capacity, it can be detrimental to
their learning processes. Thus, especially in case of highly demanding tasks, the designers
should consider reducing other types of cognitive load (e.g., lowering physical fidelity

of the simulation) to optimize working memory and learning processes.

Technology Industry

As this NWO-funded project involved game developers such as lJsfontein (www.ijsfon-
tein.nl) and Ranj (www.ranj.com), and the game provider of VirtualMedSchool (www.
virtualmedschool.com), the research findings have been shared with them throughout the
project, and informed them of educational demands of effective CBS design. Since this
project is expanded to VR, more organizations (e.g., VR hardware and software compa-
nies) can be involved. Such collaboration will allow for more diverse technology in VR
to be used in education in the future. For instance, increasing the use of haptic sensors,
voice control for communication skills, integration of Al for more realistic virtual patients,
multiplayer VR (multiple learners work together in the same scenarios), and adaptive
systems that tailor themselves to learners’ progress.

While eye-tracking software for 2D stimuli has been well developed by several
companies (e.g., SMI, Tobii), the software for VR learning environments is in a very
early stage. To develop a functioning software that fits my research purpose, | have
collaborated with Vizard (www.worldviz.com), a VR software company in the USA.

We developed an eye-tracking package where eye-tracking data can be integrated
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with data from photo sensors, which is now commercially available. In our ongoing
collaboration, we keep developing the software to advance other types of eye-tracking
measures (e.g., gaze allocation in VR space), allowing for in-depth research in 3D space

and VR training in the future.

3. Dissemination Activities

The research outcomes have been shared by publishing in peer-reviewed journals. Study
1, 2, and 3 were published with open access, while Study 4 and 5 are currently under-
going the review process. Paper presentations and symposia have been arranged at na-
tional and international conferences: DSSH (Dutch Society for Simulation in Healthcare)
2019, Association for Medical Education in Europe (AMEE) 2020, ORD (Onderwijs
Research Dagen) 2021, EARLI (European Association for Research on Learning and
Instruction) 2019 and 2021. In ICLTC (International Cogpnitive Load Theory Conference)
2018, 2019 and 2021, the application of cognitive load theory to medical education
was elaborated. In ECEM (European Conference on Eye Movements) 2019, the meth-
odological aspects of eye-tracking were focused on. Local departmental meetings and
interviews were also used to disseminate the findings from my PhD project: Lunch Lecture
in Faculty of Health, Medicine, and Life Sciences, Lunch session in Skillslab, Online
Learning & Instruction Round Table at Open University in the Netherlands, and Expert
Interview for Serious Game in Medical Education at Leiden University.

The research outcomes are also shared through the SHE eye-tracking lab (https://
youtu.be/MO9PHBS|Ozk) and local networks in Maastricht University such as the FHML
VR/AR workgroup, TRI-SIM, and FHML Simulation Day. During this project, IRESIM
(International Community for Research on Simulation, https://www.medsimresearch.
org) was initiated. It is an international community where researchers, designers, and
educators share up-to-date ideas about simulation in medical education. The research
findings were shared at the regular webinar of IRESIM, and nurtured through discussion

between the members.
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