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PREFACE
I started my gastroenterology fellowship training immediately after completing a three-year
residency in a demanding Internal Medicine program that afforded residents a great deal of
autonomy. I considered myself to be a talented clinician, having managed the care of
hundreds of patients, many critically ill. And yet, when I was introduced to the practice of
gastrointestinal (GI) endoscopy, I felt that I had returned to the drawing board. Despite a
brain brimming with knowledge about the human body, I had no framework through which
to conceptualize what was happening inside the bodies of my patients when I inserted an
endoscopic instrument. My teachers offered advice intended to be helpful, such as “Your
scope is too long,” or, “You have a loop. You need to reduce the loop and get the scope nice
and straight. Feel the tension go out as you reduce.” While I understood the individual
words they were saying, I did not understand what they actually meant, or how to apply
their teaching.
Of course, I did eventually learn what they meant, as all successful procedural learners do,
but it took a great deal of time and involved a lot of frustration and heartache. I developed
adequate endoscopic competence and graduated from fellowship. I walked out of the door
on June 30 as a learner and returned on July 1 as a teacher! Not surprisingly, I found myself
using similar words and similar teaching techniques, and, also not surprisingly, I saw on my
new learners’ faces similar glazed expressions and blank stares. I witnessed similar
heartache and frustration among my learners that I had experienced so recently. “Why
does this have to be so difficult?” I wondered.
These challenges as both learner and teacher of medical procedures directly inspired me to
pursue training in teaching techniques and education research through the Teaching
Scholars Program at the University of California (UCSF). During this program, I discovered
cognitive load theory (CLT), a cognitive learning theory focused on the limitations of working
memory. CLT seemed highly authentic to my experience as a learner and teacher of
procedural skills, and I wanted to study its role in GI endoscopy training. Although Teaching
Scholars introduced me to education research, I knew that I needed more intensive training
to achieve my goals, and so I matriculated to the UMC Utrecht-UCSF Doctoral Program in
Health Professions Education. The fruits of my training and research endeavors are detailed
in this thesis, which investigates teaching and learning of procedural skills in the health
professions through the lens of CLT. The following Introduction sections will introduce the
reader to the framework of CLT, the challenges of procedural skills teaching and learning,
and how CLT applies to this unique area of health professions education (HPE).
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Chapter 1
Introduction
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COGNITIVE LOAD THEORY
CLT is a cognitive learning theory based on the Atkinson-Shriffin model of memory1 (Figure
1). First described in 1968, this model proposes three types of human memory. Sensory
memory includes all the stimuli that human senses can detect. In classroom learning
settings, vision and hearing are the most commonly used, but in the health professions,
touch, and even smell, can be important as well.

Sensory
memory

Working
memory

Longterm
memory

Figure 1. Model of human memory. Adapted from Young JQ et al, Medical Teacher 2014;36(5):371-384. Permission
obtained from Taylor & Francis Group, http://www.tandfonline.com.

Because humans are constantly bombarded with sensory stimuli, we must use working
memory to select which stimuli to direct our attention. In the education setting, attending
to the wrong stimuli will interfere with learning. Some information is transferred from
working memory to long-term memory in the form of learning schema (i.e., organized
bundles of information that together explain a concept or construct), which can later be
retrieved for use. Of vital importance is the significant limitation of working memory. While
capacity for both sensory and long-term memory is considered infinite, working memory is
extremely limited in both capacity and duration, and can manage only a few pieces of
information at any given time. Prior work has suggested working memory can manage
around 7 +/- 2 informational elements at any given time2, though more contemporary
research suggests the capacity is probably smaller, especially when the information involves
a high degree of element interactivity or when active processing of information is required3.
Furthermore, information in working memory is rapidly lost if it is not practiced and
transferred to long-term memory as a schema. Working memory is generally considered to
be largely fixed in capacity and has even been proposed by some as a primary contributor to
the construct of intelligence4. Thus, educators must ensure that their teaching does not
overload the limited working memory; if this occurs, both learning and performance will
suffer5.
CLT was first described by Sweller in 19886 and subsequently elaborated on by others5,7-9.
CLT builds on the Atkinson-Shriffin model by proposing three types of mental activities that
occupy the working memory. These three types of cognitive load, intrinsic load, extraneous
load and germane load, all contribute to working memory demands. Working memory
bandwidth utilized to directly complete essential elements of a learning task is termed
intrinsic load. Intrinsic load will be higher when learners have less experience, or when
10

tasks are more complex. If intrinsic load is too high, the learner’s working memory will
become overwhelmed, whereas if the intrinsic load is too low, learning will be limited as
there is nothing for the learner to learn. Therefore, intrinsic load should be matched to the
learner’s experience level and zone of proximal development5,10. When learners pay
attention to, or focus on, thoughts or stimuli not essential to the learning task, another type
of cognitive load, extraneous load, occurs. Distractions induce extraneous load, and can be
external within the learning environment (e.g., conversations not related to the learning
task, mobile devices vibrating or ringing, other interruptions) or internal within the learner’s
mind (e.g., negative emotions, internal distractions)5,11,12. Such distractions occupy space in
working memory while they occur and for a period of time afterward. Teachers may
inadvertently induce extraneous load. Classic examples are mismatches in information
between sensory channels (e.g., a lecturer speaks about a topic not matching her slides) or
the use of unfamiliar jargon or terminology. In either of these cases, the learner must focus
working memory resources on the modality or delivery of teaching, rather on the content of
teaching, which reduces capacity for completing and learning from the task. Because
extraneous load always diminishes space for productive working memory activities, it
should be minimized. Simply completing a task does not automatically lead to learning; for
learning to occur, learners must engage in the third type of cognitive load, which is germane
load. Germane load occurs when learners use working memory resources to form or refine
learning schema, including connecting new knowledge to existing schema. Germane load
should be optimized because it leads to learning. In order for this to occur, the other two
goals of CLT must be met: to match intrinsic load to the learner’s level, and to minimize
extraneous load. In the motivated learner, this provides space for germane load and
learning.
Working memory limitations constrain the amount of the three cognitive load types. For
example, if intrinsic and/or extraneous overload working memory (as in Figure 2, part A),
there is no spaced for germane load. By adjusting the amount of extraneous or intrinsic
load (as in Figure 2, part B), space is opened for germane load and learning. A variety of
teaching strategies are thought to promote germane load, such as asking clarifying
questions, reflection and task variability5.
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A: Working memory overloaded – no space for germane load

Extraneous load

Intrinsic load

B: Intrinsic load reduced making space for germane load

Extraneous load

Intrinsic
load

Germane
load

Figure 2. Cognitive load types and working memory constraints. Adapted from Young JQ et al, Medical Teacher
2014;36(5):371-384. Permission obtained from Taylor & Francis Group, http://www.tandfonline.com.

Since its original description, many scholars have studied CLT in experimental research
involving non-HPE classroom settings13. Given its focus on working memory limitations, CLT
is well suited for complex learning settings, which are commonly found in HPE.
Furthermore, its attention to tasks, environments, and learners provides a framework
relevant to HPE learning. Consequently, HPE researchers are increasingly interested in
applying CLT to HPE learning. Given the relative youth of CLT as a theory, and its fairly
recent application to HPE, its role in HPE learning is still being characterized. Application of
CLT to controllable learning environments like simulation14,15 is better-studied than less
controllable workplace environments. Indeed, as Chapter 4 will demonstrate, study of CLT
in HPE workplace settings has been quite narrowly focused, with few examples of how to
use CLT to improve HPE workplace learning. The work in this thesis is intended to advance
our understanding of how CLT may be applied within complex HPE workplace settings,
particularly procedural settings.
Currently, there are two noteworthy debates among CLT scholars. The first relates to the
three types of cognitive load; these remain theoretical, as it is difficult to empirically prove
what exactly occupies a learner’s working memory at any moment in time. While the CLT
community agrees upon intrinsic and extraneous load as incontrovertible types of cognitive
load, whether germane load is a unique construct, or whether it should be conceptualized
as working memory resources used to manage intrinsic load, remains the subject of
debate16,17. This has been a difficult debate to address; as Chapter 4 will demonstrate,
germane load remains understudied, at least in workplace settings. The second primary
debate is how and when to measure or estimate cognitive load. The three primary
modalities are psychometric self-rating instruments (either generic or task-specific; most
12

commonly used being Paas’ single item7 and the NASA Task Load Index18), response to a
secondary task (which will be slower and less accurate when cognitive load is higher), and
physiological measurements (such as heart rate variability, skin conductance, eye
movement, electroencephalogram, or functional MRI)5. Each of these measurement
approaches has benefits and drawbacks in terms of cost, disruption to the learning
environment, and type of data provided. Currently, the only technique that can assess
different types of cognitive load (as opposed to overall cognitive load or mental effort), is
the use of psychometric self-rating instruments. The research described in this thesis
informs both of the debates described above, and the debates will be addressed in the
Discussion section.

PROCEDURAL SKILLS IN THE HEALTH PROFESSIONS
This thesis will consider how CLT informs procedural skills teaching and learning in the
health professions. Although the idea of “cognitive procedures” (e.g., developing
differential diagnosis, clinical reasoning) has been described19, we focus on psychomotor
procedures, that is, procedures requiring learners to use parts of their body (usually hands
but sometimes other body parts as well) to accomplish a physical task which in some way
alters or invades the patient’s body in order to diagnose, treat, or prevent disease. (Based
on this definition, we exclude physical examination tasks which require physical contact
with the patient but do not invade or alter the patient’s body; for example, cardiac
auscultation or examination of the knee.) The spectrum of procedural tasks performed
across the health professions is vast, ranging in duration, complexity, and risk. At one end
of the spectrum is a simple task like venipuncture, which takes seconds, is very low risk, and
can be accomplished by a provider after very limited training. At the other end is a complex
multistage operation that takes hours, requires multiple ultra-specialized surgeons, and has
life-or-death stakes. Between these extremes exists a vast array of thousands of different
procedures, all of which have the potential to promote or improve health, but also have risk
of harm to patients.
Though there is great heterogeneity in procedural skills, they are linked together as a group
by the perspectives of three major stakeholders: patients, learners, and teachers. The
challenges inherent to each of these stakeholder groups sets procedural skills apart from
other HPE learning. Indeed, the teaching and learning of procedures is among the most
challenging activities with in HPE20!
For patients, the primary issues are discomfort, embarrassment, and risk. When a patient
allows a health professional to perform a procedure, she trusts the proceduralist with her
body, because the proceduralist is literally invading her body’s defense mechanisms. For
many procedures, the patient will be partially or completely sedated, and so she will be
unaware of what is happening, increasing the need for trust in the provider. Furthermore,
13

many procedures (such as those studied in this thesis) involve patient’s most private body
parts, and so the procedures may be a source of embarrassment.
For learners, the most evident unique challenges are the psychomotor components of a
task; the learner must learn to skillfully use of her hands (and other body parts as well for
some tasks) to help and not harm the patient. Many psychomotor tasks require extreme
accuracy, and many learners may have limited prior experience using their hands in such
coordinated fashion; in other words, the essential task demands (intrinsic load) are high.
Furthermore, learners may be unfamiliar with psychomotor terminology (a source of
extraneous load) and may struggle to follow their teachers’ directions. While learning how
to perform the psychomotor components of the task, the learner must also learn when and
why. That is, many procedural skills entail not only significant psychomotor components,
but also significant cognitive components. This presents a “dual-task” condition, which
increases intrinsic cognitive load13,21. Cognitive decisions that must be made while
performing procedures may in themselves be quite complex, and sometimes must be made
within high-pressure environments. During a procedure, the providers rarely have the
luxury of time to think extensively about a decision. Whether it is an emergency procedure,
or simply a routine procedure in the midst of a busy operating room schedule, decisions
made during procedures generally have to be made quickly, yet at the same time there are
high stakes, because the wrong decision could render harm, either immediately or in the
future. Time pressure is known to decrease accuracy of decision-making and likely
contributes to extraneous load 22,23. The chaotic or pressured environment of some HPE
procedures (e.g., operating room, emergency department) may further contribute to
extraneous load. Furthermore, for many learners, the experience of learning procedural
skills may be highly frustrating. Most HPE learners have spent years honing cognitive skills,
and so learning cognitive skills is likely more familiar, even when the content is complex and
challenging. Conversely, their lack of experience with psychomotor skills may lead to
frustration when learning procedural skills, some of which take several hundred repetitions
before mastery is possible24. Simply performing a procedure may be so mentally
overwhelming that the learner has no working memory space available to hear his teacher’s
instructions, much less to actually learn from the experience. Finally, as if the above were
not challenging enough, modern HPE learners have numerous competing demands that
have potential to induce extraneous load and interfere with learning.
Teachers may also experience substantial challenges as they teach procedural skills in the
health professions, because they must balance the healthcare needs of the patient, the
learning needs of the learner, the efficiency and quality demands of the healthcare system,
and their own internal desires and level of patience. On a daily basis, procedural teachers
are faced with difficult decisions about when and how and with what tasks to entrust
procedural learners25. In addition, teachers must learn to articulate complex psychomotor
concepts and decide what portion(s) of a procedure for which a learner has adequate
experience to perform. Essentially, a procedural skills teacher must skillfully orchestrate a
14

complex interaction with multiple stakeholders to accomplish a technically successful
outcome while teaching one or more learners and following time constraints!

MODELS OF PROCEDURAL SKILLS LEARNING
No single theory or model of motor skill learning has been found as fully representing or
explaining the complexities of motor skill development26, yet certain learning paradigms
have been studied in relation to procedural skills learning.
While Skinner’s behaviorist approach27 has long been a theoretical underpinning of
procedural teaching, most modern research has turned towards more cognitive approaches.
Modern evidence suggests that Halsted’s classic approach of “see one, do one, teach one” is
likely inapplicable to modern HPE28, yet other models have been proposed. Fitts and Posner
proposed that procedural learners progress through three stages of psychomotor learning:
cognitive, integrative/associative, and autonomous29. In the cognitive phase, learners learn
about the procedure and may observe others performing the procedure and make basic
attempts toward first psychomotor tasks. In the integrative or associative phase, learners
begin to refine accuracy and efficiency of movements. In the autonomous phase,
movements are accurate and efficient. This model has been applied to a wide variety of
psychomotor learning settings, ranging from track and field events30 to HPE (including
surgery31 and GI endoscopy32). While Fitts and Posner focused on progress of the learner,
Peyton suggested four instructional steps to promote procedural learning: demonstration,
deconstruction, comprehension, performance33; application of Peyton’s model has been
shown to benefit learning in medical procedures28.
Ericsson’s theory of deliberate practice for mastery learning has also been studied
extensively as relating to motor learning34. Ericsson’s theory includes ten tenets of
deliberate practice and eight properties of mastery learning that can be applied to promote
learning of motor skills. A systematic review suggested that applying Ericsson’s model may
promote improvements in actual patient care processes and outcomes35, yet it is more
focused at the meta-level of curricular design and its complexity (ten features of deliberate
practice, eight properties of mastery learning36) than direct procedural teaching, and may be
challenging for application among everyday clinical educators lacking formal education
training.

COGNITIVE LOAD THEORY AND PROCEDURAL SKILLS TRAINING
The above models clearly inform crucial elements of procedural skills learning, yet they
address learning and skill acquisition at a relatively meta level. Conversely, CLT focuses
directly on the learner, at the most central and limited element of learning (from the
cognitive perspective): the working memory. Therefore, CLT provides a perspective
15

complementary to those described above. We consider CLT as highly relevant to procedural
skills training for several reasons. CLT is considered most applicable to complex learning
settings5. Considering the dual task setting and numerous demands imposed on learners as
described above, procedural training settings may well be among the most complex in all of
HPE; in many procedural settings, there is tremendous potential for cognitive overload.
Intrinsic load may be substantially elevated due to complexity of cognitive and motor task
elements. Extraneous load may be high due to a chaotic procedural environment, urgent or
emergent procedural setting, learner stress over their own performance and achievement,
or confusing terminology as teachers try to articulate complex motor concepts in words that
learners can understand. If learners are routinely overloaded by the task complexity and by
distractions and unproductive cognitive processing, they are being set up to have minimal
working memory capacity for germane load and learning. As complexities of medical
procedures advances and duty hours and other training restrictions clamp down, it is vital
that procedural learning in the health professions is optimized. CLT provides a useful lens
through which to study possibilities to optimize capacity and space for learning procedural
skills. Given its specific focus on the learner’s working memory, CLT may complement other
learning models and paradigms such as those of Fitts and Posner, and Ericsson, and be used
to promote learning.

GASTROINTESTINAL ENDOSCOPY AS AN EXEMPLAR SETTING
As discussed above, there exists substantial heterogeneity in the types of procedural skills
learned and performed in the health professions. To better understand the role of CLT in
procedural skills learning, we therefore sought to select an exemplar setting, ideally a
“middle-of-the-road” class of procedures that was neither too simple nor too complex,
neither too short nor too long. We also sought to select a class of procedures with
substantial impact on the health of populations. We identified GI endoscopy as an ideal
exemplar procedural setting in which to study the role of CLT, as described below. While a
few scholars have linked CLT to GI endoscopy training32,37,38, empirical evidence for CLT in GI
endoscopy training has been very limited.
GI endoscopy encompasses a set of moderately invasive procedures, usually performed
under sedation, through insertion of video-equipped steerable tubular instruments
(“endoscopes”) into the mouth or anus of a patient (Figures 3a and 3b).
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Figure 3a. A colonoscope.

Figure 3b. A selection of gastrointestinal endoscopes.

This equipment allows the performing clinician to examine multiple organs including the
esophagus, stomach, small intestine, bile ducts, pancreas ducts, and colon. Essentially the
entire GI tract can be accessed via endoscopic procedures (although some parts are more
challenging to reach than others). The most common GI endoscopic procedures are
17

esophagogastroduodenoscopy, which examines the upper GI tract, and colonoscopy (Figure
4), which examines the lower GI tract and can substantially reduce morbidity and mortality
from colorectal cancer39. Several other types of GI endoscopic procedures exist as well,
including highly specialized procedures that can examine and treat diseases of the biliary
tract and pancreas (e.g., endoscopic retrograde cholangiopancreatography and endoscopic
ultrasound). GI endoscopy is most commonly performed by gastroenterologists, but some
surgeons and general practitioners also perform GI endoscopies. Although physicians most
commonly perform GI endoscopic procedures, mid-level providers such as nurse
practitioners do as well40.

Figure 4. Colonoscopy technique. Used with permission of Mayo Foundation for Medical Education and Research, all rights
reserved.

GI endoscopic procedures involve all of the general procedural learning challenges
described previously and have the additional challenges of substantial limitations in the
visual and tactile channels. The endoscopic instrument assumes an ever-changing threedimensional configuration within the patient. This configuration can be complex, and can
form “loops” (Figure 5, part B). Small loops can cause patients to have pain, while large
loops can induce serious complications such as bleeding, perforation or rupture of the
intestine. However, the endoscopist’s visual channel is limited to the two-dimensional,
18

cross-sectional video transmitted by the instrument tip41. The endoscopist’s tactile
information is constrained as well. Endoscopes are long and flexible, and therefore provide
much less direct haptic feedback compared with direct hands-on procedures, or procedures
with short, rigid instruments (such as laparoscopy)41. The endoscopist must therefore use
limited visual and tactile input to intuit the complex configuration of the long endoscopic
instrument. These constraints in sensory feedback significantly increase challenges of
learning GI endoscopy (i.e., intrinsic load is high), reflected by the fact that around 300
procedures must be completed before competence can be attained42. In addition to
significant motor demands, many endoscopic procedures have substantial cognitive
demands, and some are performed in emergent or otherwise pressurized or distracting
settings. Essentially, GI endoscopy training is a setup for cognitive overload, yet how we
should best train future endoscopists has not been well characterized.

Figure 5. Colonoscopy loops. Used with permission from Society of American Gastrointestinal and
Endoscopic Surgeons (SAGES). https://www.sages.org/image-library/formation-of-loops-in-the-colon/.

We consider GI endoscopy as residing near the middle of the spectrum of complexity for
HPE procedures. It is more involved and complex than simpler bedside procedures often
performed by nurses (e.g., peripheral IV insertion, bladder catheter insertion) or general
internists (e.g., central venous catheter insertion, paracentesis) yet less complex and more
readily mastered than many surgical operations. Indeed, GI endoscopy occupies the
crossroads of surgical and non-surgical procedures, and this “middle-of-the-road” status
makes it an ideal setting in which study of CLT may produce findings that are generalizable
to both more and less complex procedural settings.
Aspects of how GI endoscopy is taught and practiced are also advantageous for education
research. Teaching of GI endoscopy is generally hands-on (often starting with simulation
19

followed by practice on real patients) in a 1:1 teacher: learner setting. This facilitates direct
analysis of how teaching practices may impact cognitive load and learning. GI endoscopic
procedures are performed very commonly, providing ample examples to study; at the
author’s home program, each gastroenterology fellow is expected to perform more than
300 procedures in their first year alone. Additionally, GI endoscopy represents a defined
task with a clear beginning, end, and intermediate steps. The vast majority of GI procedures
take well under 1 hour to complete, making study more feasible than for longer procedures.
The goals of each GI endoscopy are clear, and established performance metrics with validity
evidence exist43.
Although the rate of HPE research publication continues to accelerate44, study of how
trainees learn to perform GI endoscopy remains relatively stagnant, focused largely on
learning curves45, assessment of performance and competence24,43,46, impact of trainee
involvement on clinical outcomes47, and how simulation impacts endoscopy learning48. We
find that modern endoscopy training remains largely eminence-based, rather than evidencebased, relying largely on a traditional apprenticeship model of learning. The work in this
thesis is meant to advance the science of how to teach both GI endoscopy, and procedural
skills in general.

THESIS OUTLINE
Considering the complexities of procedural skills training and potential for cognitive
overload, CLT presents an ideal theoretical lens through which to study procedural skills
training, yet we appreciate that rigorous study of CLT in procedural settings has been
limited. Major gaps include how to measure intrinsic, extraneous and germane load in
procedural settings, what factors contribute to these cognitive load subtypes in procedural
settings, and how teaching can be leveraged to optimize cognitive load among procedural
learners.
The research in this thesis follows a logical progression that addresses these gaps. We first
document efforts to develop an instrument to measure intrinsic, extraneous and germane
load during procedural training and then consider factors associated with each cognitive
load subtype. Having established measurement methods and some understanding of
contributors to cognitive load in procedural training settings, we next turn our attention to
teaching approaches, first by consulting the existing literature, and then by performing
qualitative and mixed methods research with both procedural teachers and learners. We
focus on GI endoscopy as an exemplar setting, which serves as a point of focus to address
deep questions related to CLT and procedural skills training. Resurfacing from that deep
dive will enable extrapolation and generalization to diverse procedural settings.
In order to accomplish our goals, we performed five studies addressing the following five
research questions:
20

1) How can we measure intrinsic, extraneous and germane cognitive load among
colonoscopy learners?
2) How do features of learners, tasks, settings and teachers influence intrinsic,
extraneous and germane cognitive load during colonoscopy training?
3) How has CLT been used to study teaching and learning within professional workplace
settings, both within and outside of the health professions?
4) What learning challenges do experienced GI endoscopy teachers see their learners
experience, what teaching strategies do they use to help learners overcome these
challenges, and how do those strategies align with cognitive load theory?
5) How do “everyday” teachers of GI endoscopy teach, and how does their teaching
affect learners’ perceived intrinsic, extraneous and germane cognitive load?
We addressed these research questions as follows. To study cognitive load during GI
endoscopy training, we must be able to measure cognitive load. Although simple scales to
estimate overall cognitive load exist7, we consider the ability to separately assess intrinsic,
extraneous and germane cognitive load to be of great importance for furtherance of CLT
and to develop practical recommendations. Therefore, the first study (Chapter 2) was
designed to rigorously develop and collect evidence for validity of a self-report psychometric
instrument (the Cognitive Load Inventory for Colonoscopy, or CLIC) to estimate the three
different types of cognitive load among gastroenterology fellows learning to perform
colonoscopy. In the second study, we sought to identify characteristics of learners, tasks,
settings and teachers that might influence the three cognitive load types among
colonoscopy learners (Chapter 3); we designed a study to model unique contributors to
each cognitive load type. Having established relevance of CLT to colonoscopy training and
armed with a better understanding of contributors in the GI endoscopy setting, we next
turned our attention to how teaching could affect cognitive load in procedural settings. To
leverage the existing literature, we designed a comprehensive Best Evidence in Medical
Education (BEME) Review of studies using CLT to study workplace teaching among
professions within, and outside, the health professions (Chapter 4). We next sought to
understand teaching approaches used during GI endoscopy training by performing a
qualitative study interviewing experienced endoscopy educators within the United States,
Canada and the Netherlands. We asked them about challenges they saw their GI endoscopy
learners experience, and teaching strategies they used to help learners overcome these
challenge (Chapter 5); we used CLT as the primary theoretical lens for qualitative analysis.
For the fifth and final study, we sought to understand how procedural teaching strategies
were enacted among “everyday” teachers of GI endoscopy at two large hospitals, and how
they affected learner perceptions of intrinsic, germane and extraneous cognitive load
(Chapter 6). We observed teaching that occurred between attending physicians (teachers)
and gastroenterology fellows (learners), used real-time content analysis during the
colonoscopy to identify the teaching activities that were used, and interviewed fellows
regarding perceived impact on cognitive load. The study also included a single provocative
quantitative analysis linking instances of germane load-promoting teaching activities with
21

measured germane load. The thesis concludes with a discussion of how the forgoing
chapters advance our understanding of procedural skills training in the health professions
and cognitive load theory, and how CLT can inform procedural skills training (Chapter 7); the
generalizability of GI endoscopy to other procedural skills is emphasized. The discussion
chapter specifically addresses the two debates related to CLT noted above: how to measure
cognitive load and the “true identity” of germane load.
Note: This thesis is a collection of related research articles, with each chapter being written
as a stand-alone article. Therefore, some degree of repetition and overlap across chapters
is expected.
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ABSTRACT
Objectives: Few studies have investigated cognitive factors affecting learning of procedural
skills in medical education. Cognitive load theory, which focuses on working memory, is
highly relevant, but methods for measuring cognitive load during procedural training are not
well-understood. Using colonoscopy as an exemplar, we used cognitive load theory to
develop a self-report instrument to measure three types of cognitive load (intrinsic,
extraneous, and germane load), and to provide evidence for instrument validity.
Methods: We developed the instrument (the “CLIC” – Cognitive Load Inventory for
Colonoscopy) using a multi-step process. It included 19 items measuring three types of
cognitive load, 3 global rating items, and demographics. We then conducted a crosssectional survey administered electronically to 1,061 gastroenterology trainees in the
United States. Participants completed the CLIC following a colonoscopy. The two study
phases (exploratory and confirmatory) each enrolled for 10 weeks during the 2014-15
academic year. Exploratory factor analysis determined most parsimonious factor structure;
confirmatory factor analysis assessed model fit. Composite measures of intrinsic,
extraneous, and germane load were compared across years of training and with global
rating items.
Results: 477 (45.0%) invitees participated (116 exploratory and 361 confirmatory study)
from 154 (95.1%) training programs. Demographics were similar to US national data. The
most parsimonious factor structure included three factors reflecting the three types of
cognitive load. Confirmatory factor analysis verified a 3-factor model as best fit. Intrinsic,
extraneous, and germane load items had high internal consistency (Cronbach’s alpha 0.90,
0.87, 0.96 respectively), and correlated as expected with year in training and global
assessment of cognitive load.
Conclusions: The CLIC measures three types of cognitive load during colonoscopy training.
Evidence for validity is provided. Although CLIC items relate to colonoscopy, the
development process we detail can be used to adapt the instrument for use in other
learning settings in medical education.
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INTRODUCTION
The distinction between knowledge and skills, or the cognitive and psychomotor domains of
learning, has been dominant ever since the work of Benjamin Bloom.1 This dichotomy may
have distracted researchers and practitioners in medical education from examining the
cognitive demands learners experience while learning to perform procedures that have
prominent psychomotor components. However, procedural tasks are increasingly common
in medical education and represent an under-researched area.2, 3
Cognitive load theory (CLT), proposed by Sweller and colleagues4 is a learning theory with
promising application for medical education.4-7 CLT describes working memory as the
primary bottleneck for learning.6 Working memory can process only a small number
(approximately 4-7) of units of information at any particular moment (collectively referred
to as “cognitive load” [CL]). When the number of informational elements exceeds working
memory capacity, new information cannot be processed, limiting learning and performance.
CLT describes three types of CL.5 Intrinsic load (IL) arises from the difficulty or complexity of
the essential portions of a learning task for a given learner. IL is influenced by prior
knowledge and experience. For example, inserting a central venous catheter would present
high IL to an intern who has never seen, or learned about, central line insertion, but low IL
to a senior resident who has performed the task many times. Extraneous load (EL) refers to
CL imposed by factors not essential to the learning task, particularly distractions in the
learning environment and ineffective instructional techniques. For example, a medical
student’s EL performing a lumbar puncture in a busy emergency department with frequent
interruptions would be higher than the same student’s EL performing the lumbar puncture
in a quiet clinic room. Finally, germane load (GL) is attributable to deliberate cognitive
processes activated by the learner for learning. GL is maximized when trainees are given a
learning task of appropriate complexity, at the appropriate time, with adequate instruction,
and with training in metacognitive skills to maximize learning. For example, a new first-year
cardiology fellow with no catheterization experience will experience low GL if she attempts
to learn the complexities of coronary artery stent placement, because the IL and EL will
consume all her working memory’s capacity, leaving no space for GL. The same fellow will
encounter higher GL with this same task after learning basic catheterization technique and
with careful instruction, because prior knowledge and experience has reduced IL to an
appropriate level, and EL is minimized, providing space in working memory for GL. Experts
agree that CLT is well-suited to study complex learning settings, such as procedural skills
training, where the number of informational elements may exceed the working memory’s
capacity.5, 6 CLT has been studied predominantly in classroom settings,7 with relatively
limited examples in medical education.8-11
To study the role of CLT in procedural learning, one must measure CL, yet studies measuring
CL in medical education settings are limited and not immediately adaptable to diverse
procedural settings.8, 10, 11 Because self-rating instruments have shown promise in
accurately measuring the three types of CL in classroom settings,12, 13 and are efficient and
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inexpensive to administer, we chose to develop a self-rating instrument to measure CL
experienced by learners during procedural training. Considering the great diversity in types
and complexity of medical procedures and procedural teaching, it was necessary to focus
this study on a single procedure, and we selected colonoscopy. During colonoscopy, a long
flexible tube with a camera at the end is used to examine the colon of a patient, who is
typically sedated. Biopsies can be taken, and polyps removed, during the procedure.
We selected colonoscopy as an exemplar setting for several reasons. Colonoscopy is a
complex learning task and has high cognitive demands (as opposed to more simple
medicine-based procedures such as paracentesis). It can be fully accomplished by trainees
(as opposed to complex surgical operations), yet entails risks to patients. Colonoscopy is an
important procedure for the health of populations. It is one of the most frequently
performed medical procedures, and is the preferred method for colorectal cancer
screening,14, 15 yet few studies have critically examined how colonoscopy skills are taught
and learned, and how teaching could modify cognitive demands.16-18
In this study, we sought to design a self-rating instrument for measuring the CL experienced
by gastroenterology trainees (fellows) learning to perform colonoscopy, named the CLIC
(Cognitive Load Inventory for Colonoscopy), and to provide evidence supporting its validity.
We used a rigorous instrument development process that could be used to adapt the CLIC
for use in other procedural training settings.

METHODS
Overall study design
This is a psychometric study based on the unified model of validity19, 20 designed to provide
evidence for validity of a researcher-developed self-rating instrument (CLIC) to measure CL
experienced by post-graduate trainees (fellows) in gastroenterology learning to perform
colonoscopy. In the exploratory study we identified the most parsimonious factor structure
for the CLIC. With the confirmatory study we assessed performance of individual items and
model fit. Validity evidence related to content, reliability and association with other
variables was collected.
CLIC development
We followed Artino’s21 recommendations to develop the CLIC. Our process is illustrated in
Figure 1.
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Figure 1. General method for instrument development. In total, there were 31 discrete versions of
the instrument (based on the above noted steps and edits by the authors), producing the 19-item
instrument tested in our study.

Review of published instruments and relevant literature

Identification of general themes and concepts followed by
adaptation/interpretation for learning encounter of interest

Initial item development/adaptation for learning encounter of interest

Critical consideration of themes, concepts, and items with multiple iterative
additions, edits, and revisions by authors

Review and feedback from target learners (pilot testing and cognitive
interviews)

External review by multiple experts in CLT and learning encounter of interest

Final edits and wordsmithing
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Review of the literature and discussion with gastroenterology fellows and faculty at the
University of California San Francisco (UCSF) as well as cognitive load experts within and
outside UCSF indicated need for an instrument to measure CL. We searched the literature
to identify methods for measuring CL, and identified Leppink’s self-rating instrument13 as a
promising starting point given its ability to separately measure IL, EL, and GL. For each of
Leppink’s items, we asked, “What general learning task-related concept is the item
addressing?” For intrinsic and germane items, we interpreted “topic” as overall
subject/complexity, “formulas” as motor activities (because formulas are used to “perform”
statistics, the setting for Leppink’s study), and “concepts and definitions” as cognitive
activities. We interpreted extraneous items as relating to content and delivery of
instruction by supervisors (teachers). After initial adaptation of these items for
colonoscopy, we then asked, “What is missing that could affect IL, EL, and GL during
colonoscopy?” This led to further item development to maximize representativeness to CLT
and colonoscopy; in particular, we spent significant time crafting wording for GL items. We
next pilot-tested the instrument with 16 fellows at UCSF, asking about content, wording,
and clarity. Six international experts (three each in colonoscopy and CLT, including Leppink)
then provided feedback related to seven specific questions to ensure full coverage of CLT
and colonoscopy concepts (notably, the CLT experts agreed with wording of GL items).
Finally, we performed cognitive interviews with 8 fellows at UCSF. Revisions were made
after each of these steps. The Supplemental Table shows specific source for items and
rationale for inclusion.
All authors approved the final version, which included 19 items (Table 1), each employing a
0-10 scale. Anchors were 0 (“strongly disagree”) and 10 (“strongly agree”). Items were
designed so that a higher response on the scale indicated higher CL. The 11-point scale
permitted the ordinal data to approximate continuous data, as in prior studies.12, 13 Eight
items measured IL, 6 items EL, and 5 items GL; responses for each set of items were
averaged to calculate total IL, EL, and GL. We developed three global rating items for
internal validation (Table 1).
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Table 1. Items included in the CLIC with factor loadings, and global rating items.
Item
Item
Factor
Standard
t Test1
Pnumber
loading1 error1
Value1
Intrinsic load items: Please rate your agreement with the following statements regarding the colonoscopy you’ve just
completed:
I1
Physically manipulating and controlling the colonoscope was
0.79
0.024
33.09
<0.00
difficult.
1
I2
Using ancillary instruments (i.e., biopsy forceps, polypectomy 0.78
0.024
32.95
<0.00
snare, injector needle, clips, cautery device) was difficult.
1
I3
Identifying normal anatomy and/or landmarks was difficult.
0.72
0.029
24.99
<0.00
1
I4
The endoscopic findings were complex or difficult to
0.68
0.032
21.13
<0.00
characterize.
1
I5
It was difficult to manage identified pathology (i.e., polyps
0.75
0.027
28.06
<0.00
that were difficult to remove, bleeding that was difficult to
1
control).
I6
It was difficult to keep track of, or remember, all the
0.69
0.031
22.03
<0.00
endoscopic findings.
1
I72
Managing the patient’s level of comfort was difficult.
--------I8
Overall, this colonoscopy was difficult and/or complex.
0.83
0.020
41.09
<0.00
1
Extraneous load items: Please rate your agreement with the following statements regarding your experience during the
colonoscopy you’ve just completed:
E1
My supervisor’s instructions were unclear.
0.82
0.021
38.83
<0.00
1
E2
My supervisor used language that was confusing or
0.90
0.016
57.75
<0.00
unfamiliar.
1
E3
The manner in which my supervisor provided instructions or
0.86
0.018
46.81
<0.00
teaching was ineffective for my learning.
1
E42
I felt distracted by other people present in the endoscopy
--------room.
E5
I felt distracted by the environment (i.e., my pager going off,
0.62
0.036
17.41
<0.00
environmental noise, the layout of the room).
1
E62
I felt distracted by things on my mind unrelated to this
--------colonoscopy.
Germane load items: Please rate your agreement with the following statements regarding your level of mental effort during
the colonoscopy you’ve just completed:
G1
I invested substantial mental effort learning how to control or 0.91
0.011
84.84
<0.00
manipulate the colonoscope and/or other endoscopic
1
equipment.
G2
I invested substantial mental effort identifying or
0.91
0.011
82.67
<0.00
understanding colonic anatomy.
1
G3
I invested substantial mental effort understanding,
0.89
0.013
68.79
<0.00
remembering, and/or managing the endoscopic findings.
1
G42
I invested substantial mental effort learning how to manage
--------patient comfort level.
G5
Overall, I invested substantial mental effort learning during
0.95
0.008
117.90
<0.00
this colonoscopy.
1
Global rating scales: During the colonoscopy you’ve just completed, to what extent was your mind occupied by the following
three activities?
Global
The overall difficulty of this colonoscopy
--------IL3
Global
Thoughts or distractions not essential to performing or
--------EL3
learning colonoscopy
Global
My efforts to understand and learn colonoscopy technique
--------GL3

EL, extraneous load; GL, germane load; IL, intrinsic load. 1 Data relate to confirmatory factor analysis (see
results).
2
These four items were removed during confirmatory factor analysis (see results). 3 Global rating items were
not included in factor analysis.
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Source of subjects
We recruited gastroenterology fellows in the United States active during the 2014-15
academic year. The American College of Gastroenterology provided a list of email addresses
for 913 fellow members. Additionally, we emailed 162 gastroenterology fellowship program
directors (identified through websites of the American College of Gastroenterology and the
American Gastroenterological Association). Forty-eight responded, providing email
addresses for 414 fellows. 190 emails were duplicated between these sources for a final list
of 1,137 fellows. In the 2013-14 academic year, there were 1,458 active gastroenterology
fellows;22 assuming similar numbers for 2014-15, we may have identified approximately
80% of active fellows.
Study protocols
Based on review of the literature and expert opinion, it was plausible that our model would
be best described using a 3-factor model (including IL, EL, and GL), or a 2-factor model
(including only IL and EL, presuming that GL is part of IL, as proposed by some scholars12).
We performed an exploratory study using exploratory factor analysis (EFA) to determine the
most parsimonious factor structure. EFA produced a 3-factor solution, so we proceeded
with the confirmatory study, inviting all fellows who had not been invited for the
exploratory study; data were analyzed using confirmatory factor analysis (CFA).
Subject recruitment, survey administration and data collection
In keeping with recommendations by Dillman,23 we contacted invitees multiple times to
increase response rate. Participants randomly selected were sent a personal email from a
study author (JLS) 1 week before the study began, advising them to expect an invitation by
email on a specific date. The CLIC was distributed electronically using REDCap, an academic
software program that supports research surveys.24 Subjects completed the CLIC soon after
completing a colonoscopy. Non-responders received weekly reminders over a 10-week
period. Invitees could participate only once. Participants could enter a drawing for one of
several gift cards.
Data collected
In addition to CLIC items, respondents completed demographic data including year in
fellowship, number of previous colonoscopies, gender, geographic region and program size.
Assessment of validity of cognitive load measurement
Consistent with work of Downing and Kane19, 20 and current standards in educational end
psychological measurement,25 we approached validity assessment unitarily as construct
validity, with multiple sources of evidence, and considered potential threats to validity
during instrument development.26 Content evidence for validity comes from: adaptation of
many items from Leppink’s previously published CL measurement instruments;12, 13
development of additional items to ensure representativeness to the domains of CLT and
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colonoscopy (our authors have expertise in these domains); developing a larger number of
items than we necessarily expected to retain in the final instrument (minimized construct
under-representation); expert review; and pilot testing and cognitive interviews with fellows
(further assessed item quality).
Two aspects of our protocol provided evidence supporting validity of response process:
pilot-testing among fellows at UCSF (identified confusing or poorly-worded questions,
reducing construct-irrelevant variance); and use of REDCap24 (ensured quality control of
instrument administration using an intuitive, web-based interface, including validation
checks).
Evidence for validity of the instrument internal structure was provided through factor
analysis, which was to confirm that relationships among the items were as hypothesized,
specifically that items intended to measure the three types of CL would cluster together and
have little overlap with items measuring other CL types. Internal consistency was examined
as well using Cronbach’s alpha. Generalizability was enhanced through our national
recruitment strategy.
We used two methods to assess relationships to other variables. Since prior experience
should be the strongest predictor of CL, we measured correlations between year in training
and total IL, EL, and GL. Secondly, we correlated total IL, EL, and GL with three global rating
items.
Statistical analysis
Because we were primarily concerned with identifying and measuring goodness-of-fit for an
anticipated multi-factor solution, we used exploratory followed by confirmatory factor
analysis. We treated data as interval data, consistent with expert recommendations,27, 28
and therefore used parametric methods. We performed EFA using SPSS version 22.0 (IBM
Corporation, Armonk, NY), using principle component factor analysis with Varimax rotation.
We included all 19 items and selected factors with Eigen values >1.0.
We performed CFA using Mplus 4.0 (Muthen & Muthen, Los Angeles, CA). Following
procedures suggested by Hojat,29 we compared the hypothesized three-factor model with a
one- and a two-factor model. We planned a priori to then remove items with substantially
lower factor loading, taking into account theoretical importance of each item. All models
were specified using delta parameterization.30 Model fit was evaluated using several fit
indices: normed χ2 statistic, comparative fit index (CFI), root mean square error of
approximation (RMSEA) and standardized root mean square residual (SRMR).31-33 CFA
generates standardized path coefficients for each scale item, which represent the strength
of association of each item to the construct (factor) and can be interpreted as correlation
coefficients.
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Stata version 11.2 (StataCorp, College Station, TX) was used for other analyses. We used
one-way ANOVA to assess the three types of CL by year in training, and Pearson’s
correlation coefficient to measure correlations between the three total CL types and the
three global rating items.
Ethical considerations
The Institutional Review Board of the University of California San Francisco reviewed the
study protocol and granted it exempt status as an educational research study with minimal
risk.

RESULTS
Response rate and characteristics of participants
Of 1,137 potential participants, 27 had undeliverable email addresses, 12 were duplicates
with different email addresses, and 37 requested removal resulting in a pool of 1,061
fellows. We received 477 complete responses (45.0%), representing 154 (95.1%) fellowship
programs. Participant demographics were similar in exploratory (N=116) and confirmatory
groups (N=361, Table 2). Age and gender were similar to overall US gastroenterology
fellows. 1st-year fellows were slightly under-represented.
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Table 2. Characteristics of participants.
Confirmatory
study (N=361)

Total
(N=477)

Age, mean (SD)

Exploratory
study
(N=116)
32.2 (3.2)

32.5 (2.8)

32.4 (2.9)

Female, No. (%)

44 (37.9)

122 (34.1)

166 (35.0)

Year in training, No. (%)
1st year

25 (21.6)

85 (23.7)

110 (23.2)

2nd year

53 (45.7)

126 (35.1)

179 (37.7)

3rd year

34 (29.3)

140 (39.0)

174 (36.6)

ACGME fellows
2013-14
(N=1,458)1
32.3 (NR);
P=0.512,3
503 (34%);
P=0.903
486 (33.3);
P<0.0013
482 (33.1);
P=0.073
490 (33.6);
P=0.253
NR

4th year
4 (3.5)
8 (2.2)
12 (2.5)
Prior colonoscopies, No.
(%)
<50
11 (9.5)
14 (3.9)
25 (5.3)
51-100
14 (12.1)
36 (10.0)
50 (10.5)
101-150
7 (6.0)
34 (9.5)
41 (8.6)
151-200
12 (11.2)
36 (10.0)
49 (10.3)
201-250
16 (13.8)
39 (10.9)
55 (11.6)
251-300
12 (10.3)
40 (11.1)
52 (11.0)
>300
43 (37.1)
160 (44.6)
203 (42.7)
Geographic region, No.
(%)
Northeast
42 (36.2)
134 (37.3)
176 (37.1)
South
30 (25.9)
83 (23.1)
113 (23.8)
Midwest
24 (20.7)
76 (21.2)
100 (21.1)
West
20 (17.2)
66 (18.4)
86 (18.1)
Number of total fellows
in program, No. (%)
<6 fellows
30 (25.9)
88 (24.6)
118 (24.9)
7-12 fellows
61 (52.6)
170 (47.5)
231 (48.7)
>13 fellows
25 (21.6)
100 (27.9)
125 (26.4)
ACGME, Accreditation Council for Graduate Medical Education; NR, not reported
1
Data are from ACGME Data Resource Book for 2013-14.27
2
T-test performed assuming that SD for ACGME data is equal to data from our study, as their
reference does not cite SD. It is likely that their SD is actually lower given larger sample size.
3
P-values compare ACGME data with our total population.
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Exploratory study
EFA produced a three-factor model explaining 63% of total variance. The factors were
consistent with the three types of CL, and all items clustered with like items (Figure 2). Item
loadings were high (0.42-0.84 for IL items, 0.56-0.86 for EL items, and 0.80-0.94 for GL
items) with very few cross-loadings >0.2.
Figure 2. General method for instrument development. In total, there were 31 discrete
versions of the instrument (based on the above noted steps and edits by the authors), producing
the 19-item instrument tested in our study.
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Confirmatory study
CFA showed superiority of the three-factor model compared with one-factor and two-factor
models (Table 3). Three items (I7, E4, E6, Table 1) had notably lower factor loadings (0.67,
0.66, 0.57); these items also had less theoretical support, so we ran a fourth model
excluding them (also excluding item G4, because it was linked to I7). This produced the best
fit model (normed χ2 = 4.47, df=87; CFI=0.93, RMSEA=0.098, SRMR=0.04, Table 3). Normed
χ2, CFI, and SRMR were favorable. RMSEA was higher than the more stringent cutoff (0.08)
recently recommended, but within the more liberal prior cutoff (0.10)31. All factor loadings
were well above 0.35 and were statistically significant (Table 1). Internal consistency of the
three subscales was high (Cronbach’s alpha was 0.90 for IL, 0.87 for EL, 0.96 for GL).
Table 3. Models tested in confirmatory factor analysis with measures of fit.

One-factor model
Two-factor model
Three-factor model
Three-factor model
excluding items I7,
E4, E6, and G4

χ2 , df, P-value1
Normed χ2
χ2 = 3077.03, df=152, P<0.001
Normed χ2 = 20.24
χ2 =2090.95, df=151, P<0.001
Normed χ2 = 13.85
χ2 = 824.02, df=149, P<0.001
Normed χ2 = 5.53
χ2 =388.99, df=87, P<0.001
Normed χ2 = 4.47

CFI2

RMSEA (95% CI)3

SRMR4

0.45

0.231 (0.224,0.238)

0.16

0.63

0.189 (0.182,0.196)

0.20

0.87

0.112 (0.105,0.120)

0.06

0.93

0.098 (0.088,0.108)

0.04

CFI, comparative fit index; CI, confidence interval; df, degrees of freedom; RMSEA, root mean square error of
approximation; SRMR, standardized root mean square residual
1
A non-significant (p >0.05) χ2 suggests the model is an adequate representation of the data. However, with
large sample size (>200), χ2 is almost always significant making the χ2 fit index inappropriate for larger sample
size data such as ours. Given the large sample size, the relative (normed) chi-square is recommended. This
value equals the χ2 index divided by the degrees of freedom. The criterion for acceptance is recommended as
less than 5.38
2
CFI is an estimate of the proportion of sample information explained by the model, and can range from 0 to
1; values above 0.90 are generally considered adequate.37
3
RMSEA indicates how well the model fits with the population covariance matrix. Recommended cut-off point
for the RMSEA has varied over the years. In the past a value of <0.1 was considered acceptable, while some
scholars have recently proposed a more stringent cutoff of <0.06.36
4
SRMR is the standardized difference between observed and predicted correlations; a value <0.06 is
considered a good fit.37
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Additional evidence for validity
All three types of CL decreased over time, as expected with advancing expertise (Table 4).
Pearson’s correlations between measured CL and global ratings (Table 1) were: 0.70 for IL;
0.49 for EL; 0.59 for GL.
Table 4. Three types of cognitive load by year in training.

Total intrinsic load,
mean (SD)
Total extraneous
load, mean (SD)
Total germane
load, mean (SD)

First-year
fellows (N=110)
3.14 (1.78)

Second-year
fellows (N=179)
1.78 (1.51)

1.83 (1.80)

1.14 (1.56)

4.96 (2.12)

3.52 (2.65)

Third- and fourthF, P-value
year fellows (N=186)
1.21 (1.27)
58.02,
<0.0001
0.91 (1.32)
12.78,
<0.0001
2.85 (2.86)
22.42,
<0.0001

DISCUSSION
In this study, we developed and tested an instrument to measure the three types of CL
experienced during colonoscopy training among nearly 500 gastroenterology fellows
throughout the United States. EFA clearly identified a three-factor structure, with IL, EL and
GL items loading into three distinct clusters. CFA confirmed statistical superiority of a threefactor model, consistent with tenets of CLT, with good fit indices. We present evidence
supporting a hypothesis of validity for our instrument based on development process and
relationships to other variables. Our data support the ability of the CLIC to measure the
three types of CL during colonoscopy. The instrument development process we detail could
be used to adapt the CLIC for use in other medical education learning settings.
Although CLT is considered highly applicable to medical education,5 best methods for
measuring CL in medical education are not known. We developed a multi-item self-rating
instrument because of its potential to measure different types of CL simultaneously, its
adaptability for use in diverse learning settings, and its ease and low cost of administration
among a large sample of learners. Two recently published studies also addressed methods
for measuring CL in medical education settings. The first compared total CL as measured by
subjective rating of mental effort and simple reaction time to a vibrotactile stimulus during
simple and complex surgical knot-tying simulations among 28 novice medical students.10
With practice, total CL declined more quickly in the simple versus the complex task group,
and there was a trend toward lower subjective rating of mental effort in the simple versus
complex task group. The second study compared three measures of CL: Paas’ single-item
mental-effort rating scale, the NASA Task Load Index, and a 6-item instrument developed by
the authors intended to measure the three types of CL among 38 residents undergoing
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simulation-based procedural training.11 They found that CL (rescaled to range from 0 to 1)
differed across the three measures. There was modest correlation between their 6-item
measure and the NASA Task Load Index, but not with the Paas scale. Our adaptable
instrument development process, rigorous statistical analysis, large national sample of
trainees, ability to separately and distinctly measure the three CL types, and careful
collection of evidence for validity builds on these studies and provides support for using
multi-item self-rating instruments to measure CL in medical education.
We studied colonoscopy as an exemplar procedure because it represents something of a
“middle ground” in procedural training. It is more complex and cognitively demanding than
more simple medicine-based procedures (e.g., paracentesis, thoracentesis, central line
insertion), yet it is a task that has potential to be completed entirely by a trainee and is
relatively structured and protocolized (as opposed to many surgical operations). We believe
that the tenets of CLT supported by our study should readily apply to numerous procedural
training settings, and that CLT has potential to help address goals and challenges that are
consistent across the diverse spectrum of procedural skills training settings in medical
education. Procedural skills training universally requires clinician educators to balance
learner autonomy and education with patient safety and healthcare quality. We want
learners to have as much experience as possible with “hands-on” learning, yet these
opportunities are often limited in quantity, and entail risks to patients. CLT’s ability to
identify and quantify activities of the working memory provides a potential way to address
these challenges. If we understand how trainees are using working memory resources, we
can identify areas in which CL is imbalanced or overwhelming – areas in which learning is
limited and risk of harm to patients increases. In such cases, established methods for
optimizing CL6 have potential to improve both trainee learning and patient safety.
CLT proposes that there are three types of CL that use valuable space in working memory:
intrinsic load (task difficulty), extraneous load (distractions, teaching technique), and
germane load (deliberate use of learning techniques).5-7 Experts have suggested based on
studies outside of medical education12, 13 that GL might be part of IL, rather than its own
individual type of CL, but our results suggest GL may be separate from IL and EL – an
important finding for CLT. It is important to note, however, that we measured trainee
perception of mental processes, so we cannot prove that GL items truly represent the
theoretical version of GL (though we believe this to be the most probable explanation).
Since maximal GL is CLT’s ideal outcome, better understanding of GL is important.
Longitudinal studies linking GL to future performance are needed, as the cognitive schemata
and automation occurring through GL should lead to improved performance. Studies in the
classroom setting have attempted to address this issue,12 but the limited length of time
between measurement of GL and performance may have been too brief to detect an
effect.34 Should strong correlations between measures of GL and future performance be
confirmed, GL could be studied as a surrogate measure for learning, a phenomenon that
remains difficult to objectively measure yet is of primary importance in medical education.
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This would enable researchers and educators to more immediately measure and understand
the effectiveness and impact of individual teachers, learning activities, and curricula, using
an understandable and generalizable measure.
As previously noted, we measured fellows’ perceptions of their cognitive processes, not
their actual cognitive processes in real-time, which was infeasible on such a large scale.
Future studies correlating CLIC-measured CL with objective measures of learning (such as
task performance) or mental effort (such as functional MRI35 or psychophysiological
measurements36) would provide additional evidence for validity and utility of the CLIC. This
would also provide further support for teaching procedural skills through the lens of CLT.
Adaptation of the CLIC for use in diverse learning settings would also provide additional
evidence for validity. With additional future evidence supporting validity of measurement,
CL could be a useful and immediately measurable outcome in both research and teaching
settings, with potential contributions to curriculum development, program evaluation, and
learner assessment.
We enrolled nearly 500 gastroenterology fellows throughout the United States, yet our
participation rate was 45%, likely because invitees could participate only after performing a
colonoscopy. By contacting 38 program directors (27 responded) we determined that
fellows performed colonoscopy on average 8.6 (71.7%) months per year. Reducing our
participant pool by this proportion, our response rate could be considered higher (71.7% of
1,061 is 761; 477/761=62.7%). Our participants were representative (Table 2), and we
enrolled fellows from 95% of programs in the US. There were fewer 1st-year than 2nd- or 3rdyear fellows in our study, because the American College of Gastroenterology database had
fewer 1st-year fellows (20.3%). However, the proportion of 1st-year fellows was similar
among invitees (20.4%) and participants (23.2%, P=0.66). Considering the above, we believe
our study includes a nationally representative sample of gastroenterology fellows, and
illustrates challenges inherent to enrolling a generalizable sample of graduate medical
education trainees. We believe that our 10-week enrollment periods and weekly reminders
helped improve response rate.
In summary, we developed an instrument that separately measures the three types of CL
during an exemplar procedural skills training setting in medical education, among a
nationally representative sample of learners. We believe that the CLIC could be readily
adapted to measure CL in diverse learning settings in medical education. Our data illustrate
the potential impact of systematic instrument development and consideration of factors
affecting validity when studying medical education. Teaching trainees to perform medical
procedures is a challenging task, considering issues of patient safety, healthcare quality, and
time. We believe that CLT provides tools to address these challenges in research and
teaching settings.
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SUPPLEMENTAL MATERIAL – CHAPTER 2
Supplemental table. Detailed source and rationale for each item.
Item no.

Item text

Original source

Rationale for inclusion

I1

Physically manipulating and controlling
the colonoscope was difficult.

Adapted from
Leppink13 item 2

I2

Using ancillary instruments (i.e., biopsy
forceps, polypectomy snare, injector
needle, clips, cautery device) was
difficult.
Identifying normal anatomy and/or
landmarks was difficult.

Adapted from
Leppink13 item 2

Motor control of
colonoscope contributes
to intrinsic task difficulty.
Motor control of ancillary
items contributes to
intrinsic task difficulty.

I4

The endoscopic findings were complex
or difficult to characterize.

Adapted from
Leppink13 item 3

I5

It was difficult to manage identified
pathology (i.e., polyps that were
difficult to remove, bleeding that was
difficult to control).
It was difficult to keep track of, or
remember, all the endoscopic findings.

Adapted from
Leppink13 item 2

I7

Managing the patient’s level of
comfort was difficult.

Adapted from
Leppink13 item 3

I8

Overall, this colonoscopy was difficult
and/or complex.

Adapted from
Leppink13 item 1

E1

My supervisor’s instructions were
unclear.

Adapted from
Leppink13 item 4

E2

My supervisor used language that was
confusing or unfamiliar.

Adapted from
Leppink13 item 6

E3

The manner in which my supervisor
provided instructions or teaching was
ineffective for my learning.

Adapted from
Leppink13 item 5

I3

I6
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Adapted from
Leppink13 item 3

Adapted from
Leppink13 item 3

Cognitive requirement
contributes to intrinsic
task difficulty.
Cognitive requirement
contributes to intrinsic
task difficulty.
Motor control to manage
pathology contributes to
intrinsic task difficulty.
Cognitive requirement
contributes to intrinsic
task difficulty.
Managing patient
comfort is a cognitive
task that contributes to
intrinsic task difficulty.
General measure of
overall task
difficulty/complexity.
Supervisors provide a
great deal of instruction
during many
colonoscopies. If these
are unclear, learners use
working memory
resources to interpret
what the supervisor
wants them to do.
Experts often use terms
and verbiage with which
learners are unfamiliar.
Learners use working
memory resources as
they attempt to
determine what this
language means.
Ineffective instructional
techniques require
learners to use working
memory resources to
understand and follow
instructions.

E4

I felt distracted by other people
present in the endoscopy room.

Author generated

E5

I felt distracted by the environment
(i.e., my pager going off,
environmental noise, the layout of the
room).

Author generated

E6

I felt distracted by things on my mind
unrelated to this colonoscopy.

Author generated

G1

Based on authors’ and
fellows’ experience in
endoscopy, large
numbers of personnel
can be distracting.
Managing those
distractions uses working
memory resources.
Based on authors’ and
fellows’ experience in
endoscopy, these
environmental
occurrences can be
distracting. Managing
those distractions uses
working memory
resources.
Internal distractions can
theoretically use working
memory resources.
See footnote

I invested substantial mental effort
Related to items I1
learning how to control or manipulate
and I2
the colonoscope and/or other
endoscopic equipment.
G2
I invested substantial mental effort
Related to item I3
See footnote
identifying or understanding colonic
anatomy.
G3
I invested substantial mental effort
Related to items I5
See footnote
understanding, remembering, and/or
and I6
managing the endoscopic findings.
G42
I invested substantial mental effort
Related to item I7
See footnote
learning how to manage patient
comfort level.
G5
Overall, I invested substantial mental
Related to item I8
See footnote
effort learning during this colonoscopy.
Footnote: CLT experts agree that germane load is used to manage intrinsic load, through automation and
generation of learning schema. We therefore designed our germane load items to assess learners’ cognitive
processing of the contributors to intrinsic load. This is consistent with Leppink’s13 approach and wording was
agreed upon by external CLT expert reviewers.
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ABSTRACT
Purpose: Cognitive load theory, with its focus on limits of the working memory, is relevant
to medical education; however, factors associated with cognitive load during procedural
skills training are not well-characterized. We sought to determine how features of learners,
patients/tasks, settings, and supervisors were associated with three types of cognitive load
among learners performing a specific procedure, colonoscopy, to identify implications for
procedural teaching.
Method: Data were collected through an electronically administered survey sent to 1,061
US gastroenterology fellows during the 2014-15 academic year; 477 (45.0%) participated.
Participants completed the survey immediately following a colonoscopy. Using
multivariable linear regression analyses, we identified sets of features associated with
intrinsic, extraneous and germane load.
Results: Features associated with intrinsic load included learners (prior experience and year
in training negatively associated, fatigue positively associated) and patient/tasks (procedural
complexity positively associated, better patient tolerance negatively associated). Features
associated with extraneous load included learners (fatigue positively associated), setting
(queue order positively associated), and supervisors (supervisor engagement and
confidence negatively associated). Only one feature, supervisor engagement, was
(positively) associated with germane load.
Conclusions: Our data support practical recommendations for teaching procedural skills
through the lens of cognitive load theory. To optimize intrinsic load, level of experience and
competence of learners should be balanced with procedural complexity; part-task
approaches and scaffolding may be beneficial. To reduce extraneous load, teachers should
remain engaged, and factors within the procedural setting that may interfere with learning
should be minimized. To optimize germane load, teachers should remain engaged.

50

INTRODUCTION
Learning to perform medical procedures presents significant challenges to learners and
teachers alike.1,2 This is in part because the learning needs of students, residents, and
fellows must be balanced with competing demands of patient safety, procedural efficiency,
and healthcare quality. Additionally, learning procedural skills typically includes both
cognitive and psychomotor complexity that must be managed simultaneously by learners.
Cognitive load theory (CLT), originally described by Sweller,3 is a learning theory focused on
the working memory, with particular applicability to cognitively complex learning settings,
including procedural skills training. CLT holds that the working memory can manage only a
few informational elements at any given time under ideal settings; capacity is more limited
when learners actively process information. When working memory is overloaded, learning
and performance suffer. Such a state has particularly adverse consequences for procedural
learning, as the absolute number of opportunities to learn and practice certain procedures
may be limited. Procedural learners need to maximize learning from each opportunity. CLT
is a useful lens through which to consider procedural training.
CLT envisions learning as occurring when learners use pieces of information to construct a
learning “schema,” a process also referred to as “chunking”.4 The three types of cognitive
load (CL) described by CLT reflect this definition of learning and occur when the working
memory is used to manage different activities.5 Intrinsic load (IL) arises from the difficulty of
the essential components of a learning task, that is, the activities and thought processes
that must be performed to complete a task. Accordingly, IL is highly dependent on learners’
knowledge and prior experience. IL will be lower among experts compared with learners,
and among advanced learners compared with novice learners. Extraneous load (EL) arises
from non-essential components of a learning task or learning setting that require learners’
attention, such as poor teaching techniques, unclear or confusing instructions, and
distractions in the learning environment. Finally, germane load (GL) arises from cognitive
processes that promote learning, for example, when learners consolidate knowledge, create
information chunks, form learning schema, and automate portions of a task.6 GL is highly
dependent on learner effort and metacognitive skills. An ideal learning encounter
minimizes EL and optimizes IL to the individual learner’s prior experience and level of
expertise, which will provide the opportunity for a motivated learner to maximize GL, and,
consequently, learning.7,8 Whether CL is best described by a three-factor (IL, EL, and GL) or
a two-factor model (IL and EL only) remains the subject of debate.7,9,10 In this study, we
used a three-factor approach.
CLT is considered relevant to health professions education,4,6 yet the factors that may affect
CL during procedural skills training are not known. Better understanding of such factors
could inform development of learning strategies and instructional design for procedural
skills training through the lens of CLT. Factors identified as universally affecting CL during
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procedural skills training could be applied broadly, while factors affecting learning of specific
procedural skills could inform teaching strategies for those specific settings.
In this study, we sought to identify features of procedural skills learning encounters
associated with intrinsic, extraneous, and germane load. As there is great diversity in the
types and complexities of medical procedures and associated learning settings, we felt what
was feasible was to focus on the single procedural training setting of colonoscopy. We
specifically chose colonoscopy because it represents a middle ground between the simpler,
briefer, more focused procedures often performed by non-surgical providers (e.g.,
intravenous or urinary catheter placement, thoracentesis, paracentesis, arterial or central
venous line placement) and the more complex, extended procedures typically performed by
surgeons (e.g., full operations). Furthermore, colonoscopy involves substantial cognitive
and psychomotor challenges, requiring learners to complete between 300 and 500 cases to
attain competence.11,12 We propose that the study of colonoscopy could provide insights
relevant to procedural learning across the spectrum of complexity.
In previous work we reported on development of a self-report instrument (the Cognitive
Load Inventory for Colonoscopy, or CLIC) that estimated three types of CL among
colonoscopy learners.13 In this study, we sought to model features of procedural learning
encounters that were associated with the three types of CL, as measured by the CLIC, in
order to identify implications for instructional design. We conceptualized features as
relating to four general aspects of a medical procedure learning encounter: learners,
patients/tasks, settings, and supervisors.

METHODS
Study design
We performed a cross-sectional study prospectively enrolling a sample of 1,061
gastroenterology fellows learning to perform colonoscopy throughout the United States
during the 2014-15 academic year. Email addresses were obtained through the American
College of Gastroenterology and by individually emailing program directors for all
gastroenterology fellowship programs in the US. Participants received an email invitation to
complete an electronic survey administered via REDCap.14 They were asked to complete the
survey immediately following a colonoscopy. Data collected included cognitive load
measures, demographic information, and features of the learning encounter, each of which
is described below. 477 (45.0%) invitees participated.
Data for the current study were collected contemporaneously with data from our prior
work.13 That study and this one were conceptualized and planned a priori as separate
efforts, because they had very different aims and research questions. The aims of the prior
study were psychometric – to describe instrument development process and to provide
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evidence for validity of scores from the CLIC, while the present study aimed to developed
models of features associated with the three types of CL.
The Institutional Review Board of the University of California San Francisco reviewed the
study protocol and granted it exempt status as an educational research study with minimal
risk
Cognitive load measures
IL, EL, and GL were estimated using the CLIC.13 The final version of the instrument included
15 items; 7 items measured IL, 4 EL, and 4 GL. Items for each CL type were averaged
together to calculate composite measures of IL, EL, and GL, which could range from 0 to 10.
These IL, EL, and GL measures were the dependent variables of interest for the present
study. Supplemental Table 1 depicts items used to measure each type of CL.
Identification and measurement of features that could affect cognitive load
Features that might affect CL during procedural skills training have not been previously
studied. Accordingly, through discussion amongst authors, fellows at our training program,
and faculty within and outside our training program, we identified features that might
contribute to CL during procedural skills training in general, and colonoscopy training in
particular. We categorized these features as relating to four general aspects of procedural
skills learning encounters: learners, patients/tasks, settings, and supervisors. One feature
(supervisor takeover of the procedure) could be considered as relating to multiple groups as
the decision to take over a procedure from a learner often takes into account aspects of the
learner, the patient/task, the setting, and the supervisor. When available, we utilized
categories commonly used in the clinical setting (e.g., bowel preparation quality and patient
tolerance of the procedure). As established measurements methods were lacking for many
features, we developed our own methods for measurement. Supplemental Table 2
describes how each characteristic was measured and the actual question that participants
answered. Two predictor variables (year in training and prior colonoscopy experience) were
also reported in our prior work; only year in training was used in analysis for that study.13
Demographics
Demographic data included fellow age and gender, geographic region, and training program
type and size. Because we did not expect these data to affect CL, they were not included in
statistical analyses. These data were also reported in our prior work;13 we report them here
to describe our study sample and provide evidence for adequacy of sampling.
Statistical analysis
Descriptive statistics were calculated using appropriate measures of central tendency and
dispersion.
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As a research group, we anticipated whether each feature would be expected to have an
association (positive or negative) or no association with each type of CL based on our
experiences teaching colonoscopy and knowledge about CLT. To reduce risk of type I error,
we did not perform univariable statistical analyses.
We developed three multivariable linear regressions models – one each for IL, EL, and GL.
We entered as predictor variables the features that we anticipated as associated with each
CL type. We considered performing multi-level regression analysis to account for the nested
structure of trainees embedded within training programs, but there were inadequate
numbers of trainees in most programs to run a robust multi-level model (there were 154
different training programs represented, with number of participants ranging from 1-15 per
program, and a median of 2 per program). Our data included six ordinal predictor variables,
which were all treated as categorical except for prior colonoscopy experience, as it had 7
response options representing what could be considered continuous data. For variables
treated as categorical, when a response category had fewer than 20 responses, it was
combined with one or more adjacent response categories to maintain stability and
adequate power to estimate the model.
All analyses were performed using Stata version 14.0 (StataCorp, College Station, TX).

RESULTS
Participants
Of the 1,061 fellows invited, 477 (45.0%) participated, representing 154 training programs
throughout the United States. Age (mean 32.4 years, SD 2.9) and gender (166 female,
35.0%) of our sample were similar to national data from the Accreditation Council for
Graduate Medical Education (mean age 32.3 years [SD not reported], 34% female).15
Participants came from programs of various sizes (118 [24.9%] with < 6 fellows across all
years of training; 231 [48.7%] with 7-12 fellows; 125 [26.4%] with > 13 fellows) and
geographic locations in the United States (176 [37.1%] from Northeast; 113 [23.8%] from
South; 100 [21.1%] from Midwest; 86 [18.1%] from West). Most participants (457, 96.4%)
were training in adult gastroenterology fellowship programs. The above data were also
reported in our prior work13 and are included here only to describe our sample.
Features of learners, patients/tasks, settings, and supervisors
Table 1 shows measures of central tendency and dispersion for features of learners,
patients/tasks, settings, and supervisors. Compared with ACGME data,15 1st-year fellows
were somewhat under-represented. Consistent with year-in-training data, prior
colonoscopy experience was skewed toward greater experience, with 203 (42.7%) fellows
having previously performed more than 300 colonoscopies.
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Screening was the most common indication for colonoscopy (199, 42.3%). Patients were of
diverse age ranges; most common was 41-60 years old (N=225, 47.8%). Two hundred
thirteen patients (45.3%) were female. Fellows reported most patients to have tolerated
the procedure well (370, 78.7%) or fairly well (88 (18.7%), and the quality of most bowel
preparations was reported to be excellent (139, 29.5%) or good (253, 53.7%).
Only 15 (3.2%) colonoscopies were performed outside the endoscopy suite. While
performing colonoscopy, fellows were generally not on call (53, 11.2%) or paged (105,
22.3%). On average, the colonoscopy on which participants reported was their third
procedure performed that day.
Supervisors were usually senior attending physicians (329, 69.4%) or junior attending
physicians (138, 29.1%). Fellows typically estimated their supervisors as very engaged (174,
36.5%) or somewhat engaged (194, 40.7%) with teaching, and as very confident (378,
79.2%). The supervisor took over the colonoscopy in a minority of cases (99, 21.0%).
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Table 1. Features of learners, patients/tasks, settings, and supervisors among 477
gastroenterology fellows learning to perform colonoscopy during the 2014-15 academic year.
Learner characteristics
Year in training, No. (%)
1st year
2nd year
3rd year
4th year
Prior colonoscopies, No. (%)
<50
51-100
101-150
151-200
201-250
251-300
>300
Hours of sleep per night during last week, mean (SD)
Subjective current level of fatigue, 0-100, mean (SD)
Patient/task characteristics
Bowel prep quality, No. (%)
Excellent
Good
Fair
Poor
Patient tolerance, No. (%)
Tolerated well
Tolerated fairly well
Tolerated somewhat poorly
Tolerated poorly
Sedation provided by anesthesia, No. (%)
Patient age, No. (%)
<18 years old
18-40 years old
41-60 years old
61-80 years old
>80 years old
Female patient, No. (%)
Number of ancillary maneuvers performed, mean (SD)
Indication for colonoscopy, No. (%)
Screening
Rectal bleeding
Personal history of polyps or cancer
Positive fecal occult blood
Inflammatory bowel disease
Altered bowel habits
Abnormal abdominal imaging
Anemia
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N=477
110 (23.2)a
179 (37.7)a
174 (36.6)a
12 (2.5)
25 (5.3)
50 (10.5)
41 (8.6)
49 (10.3)
55 (11.6)
52 (11.0)
203 (42.7)
6.66 (0.85)
38.19 (23.80)

139 (29.5)
253 (53.7)
60 (12.7)
19 (4.0)
370 (78.7)
88 (18.7)
8 (1.7)
4 (0.9)
197 (41.7)
6 (1.3)
47 (10.0)
225 (47.8)
174 (36.9)
19 (4.0)
213 (45.3)
1.39 (0.14)
199 (42.3)
77 (16.4)
71 (15.1)
39 (8.3)
26 (5.5)
19 (4.0)
13 (2.8)
11 (2.3)

Other
15 (3.2)
Urgent or emergent indication for colonoscopy, No. (%)
24 (5.1)
Setting characteristics
Colonoscopy performed outside the endoscopy suite, No. (%)
15 (3.2)
Queue order, mean (SD)
2.81 (2.33)
Number of people in room, mean (SD)
4.54 (1.07)
On call at the time of colonoscopy, No. (%)
53 (11.2)
Paged during colonoscopy, No. (%)
105 (22.3)
Supervisor characteristics
Type of supervisor, No. (%)
Senior attending physician
329 (69.4)
Junior attending physician
138 (29.1)
Another fellow
1 (0.2)
No supervisor
6 (1.3)
Perceived supervisor engagement with teaching, No. (%)
Very engaged
174 (36.5)
Somewhat engaged
194 (40.7)
Neither engaged nor disengaged
48 (10.1)
Somewhat disengaged
31 (6.5)
Very disengaged
17 (3.6)
Perceived supervisor confidence, No. (%)
4.77 (0.52)
Very confident
378 (79.2)
Somewhat confident
70 (14.7)
Neither confident nor lacking in confidence
15 (3.1)
Somewhat lacking in confidence
2 (0.4)
Very lacking in confidence
0 (0.0)
Supervisor took over colonoscopy, No. (%)
99 (21.0)
a
In ACGME 2013-14 data,15there were 486 (33.3%) 1st-year fellows, 482 (33.1%) 2nd-year fellows, and 490
(33.6%) 3rd-year fellows. Differences compared to our sample were statistically significant for 1st-year fellows
(P<0.001), but not for 2nd-year fellows (P=0.07) or 3rd-year fellows (P=0.25).

Predicted associations
Table 2 depicts predicted associations between cognitive load types and features of
learners, patients/tasks, settings, and supervisors.
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Table 2. Predicted pattern of association between cognitive load types and features of learners,
patients/tasks, settings, and supervisors among 477 gastroenterology fellows learning to perform
colonoscopy during the 2014-15 academic year.

Features (directionality)

Category

Year in training (increasing)
Prior colonoscopies
(increasing)
Hours of sleep per night
(increasing)

Learner

Predicted patterns of association with
cognitive load
Extraneous
Germane
Intrinsic load
load
load
Negative
Negative
Negative

Learner

Negative

Negative

Negative

Learner

Negative

Negative

None

Level of fatigue (increasing)

Learner

Positive

Higher

Negative

Bowel prep (worse quality)

Patient/Task

Positive

None

None

Patient tolerance (better
tolerance)

Patient/Task

Negative

None

None

Sedation by anesthesia

Patient/Task

None

None

None

Female patient

Patient/Task

Positive

None

None

Number of ancillary
maneuvers performed

Patient/Task

Positive

None

Positive

Setting

None

Positive

Negative

Setting

None

Positive

None

Setting

None

Positive

Negative

Paged during colonoscopy

Setting

None

Positive

Negative

Junior supervisor (versus
senior)

Supervisor

None

None

None

Supervisor

None

Positive

Negative

Supervisor

None

Positive

Negative

Multiple

Positive

Positive

Positive

Queue order (increasing)
Number of people in room
(increasing)
On call at the time of
colonoscopy

Supervisor engagement
(less engaged)
Supervisor confidence (less
confident)
Supervisor took over
colonoscopy
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Multivariable regression analyses
Multivariable linear regression models for each CL type are shown in Table 3. The IL model
had an adjusted R2 value of 0.36 and included six statistically significant features: 3 related
to learners, 2 related to patients/tasks, and 1 related to multiple groups. Year in training,
prior colonoscopy experience, and better patient tolerance were negatively associated with
IL. Fellow fatigue, number of maneuvers performed, and supervisor takeover were
positively associated with IL.
The EL model had an adjusted R2 value of 0.19 and included five statistically significant
features: 1 related to learners, 1 related to the setting, 2 related to supervisors, and 1
related to multiple groups. Fellow fatigue, queue order, lower perceived supervisor
confidence, lower perceived supervisor engagement, and supervisor taking over the
colonoscopy were all positively associated with EL.
The GL model had an adjusted R2 value of 0.17 and included 1 statistically significant
feature. Supervisors perceived as being less engaged were negatively associated with GL.
We included estimated IL and EL in the GL model, as these should also be associated with
GL. Both were positively associated with GL.
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Table 3. Multivariable Linear Regression Models of Features Associated With Intrinsic, Extraneous, and
Germane Load Among 477 Gastroenterology Fellows Learning to Perform Colonoscopy During the 2014–15
Academic Year, from a Study of the Implications of Cognitive Load for Teaching and Instructional Designa

Feature

Category

Fellow year in training
(year 1 is reference)

Learner

Year 2

Learner

Year 3 or 4

Learner

Prior colonoscopy
experience, increasing
Level of fatigue,
increasing
Hours of sleep per
night the last week,
increasing
Patient tolerated
procedure well
(compared with fairly
well, fairly poorly, or
poorly)
Number maneuvers
performed, increasing
Female patient
Bowel prep quality
(excellent is reference)
Good
Fair or Poor
Number of people in
room, increasing
Paged during
procedure
On call during
procedure
Queue order,
increasing
Perceived supervisor
engagement (very
engaged is reference)

Intrinsic load model
IL coeffa (95%
IL β
IL PCI)
coeffb
value

-0.60
(-1.086, -0.14)
-0.82
(-1.38, -0.26)
-0.20
(-0.31, -0.09)
0.01
(0.008, 0.02)

-0.17

0.01

-0.23

0.004

-0.24

<0.001

0.21

<0.001

0.11
(-0.07,0.29)

0.05

0.22

Patient/
Task

-0.67
(-1.01,-0.33)

-0.16

<0.001

Patient/
Task
Patient/
Task
Patient/
Task
Patient/
Task
Patient/
Task

0.31
(0.18,0.44)
0.03
(-0.25,0.30)

0.19

<0.001

0.01

0.85

0.04

0.38

0.04

0.44

Learner
Learner
Learner

0.14
(-0.17,0.44)
0.17
(-0.26,0.59)

Extraneous load model
EL coeffa
EL β
EL P(95% CI)
coeffb
value

-0.36
(-0.84,0.12)
-0.32
(-0.89,0.26)
-0.04
(-0.16,0.07)
0.01
(0.005,0.02)
0.17
(-0.01,0.35)

Setting
Setting
Setting

0.14

-0.10

0.28

-0.06

0.46

0.18

0.001

0.10

0.07

0.03

0.52

0.04

0.37

-0.05

0.30

0.10

0.03

-0.05

0.52

-0.11

0.26

-0.10

0.19

0.06

0.26

-0.02

0.62

0.28
(-0.36,0.93)
-0.25
(-1.08,0.58)
0.03
(-0.09,0.14)

0.04

0.39

-0.03

0.55

0.02

0.65

0.07

-0.91
(-1.83,0.001)

-0.10

0.05

0.03

0.55

-1.33
(-2.24,-0.42)

-0.15

0.004

-0.85
(-1.44,-0.26)

-0.15

0.005

0.58
(-0.10,1.27)

0.08

0.10

-0.06

0.25

0.17

0.006

0.14

0.01

Supervisor

Somewhat engaged

Supervisor

Neither engaged nor
disengaged

Supervisor

0.45
(-0.03,0.94)
0.15
(-0.34,0.64)

Somewhat disengaged
or very disengaged

Supervisor

0.33
(0.02,0.64)

0.11

0.04

0.49
(0.13,0.86)

0.13

0.009

0.86
(0.49,1.23)

0.24

<0.001

Perceived supervisor
confidence (very
confident is reference)
Somewhat confident,
neither confident nor
lacking in confidence,
or somewhat lacking
in confidence
Supervisor took over
colonoscopy

-0.30
(-1.19,0.60)
-0.62
(-1.70,0.46)
-0.14
(-0.36,0.07)
0.01
(-0.005,0.02)

-0.06
(-0.32,0.19)

0.04
(-0.09,0.18)
0.16
(-0.19,0.51)
-0.23
(-0.68,0.21)
0.07
(0.01,0.13)

Setting

-0.12

Germane load model
GL coeffa
GL β
GL P(95% CI)
coeffb
value

0.10

Supervisor
Supervisor

Multiple

Intrinsic loadc

N/A

Extraneous loadc

N/A

0.51
(0.24,0.77)

0.16

<0.001

-0.43
(-1.16,0.30)
0.28
(0.08,0.48)
0.25
(0.06.0.45)

Abbreviations: CI, confidence interval; coeff, coefficient; EL, extraneous load; GL, germane load; IL, intrinsic load. Bold typeface indicates
statistically significant findings. Blank cells indicate that a predictor variable was not included in the model. Thick-lined boxes demarcate
categories of predictor variables (horizontal) and the three different regression models (vertical). a Unstandardized regression coefficient.
Standardized regression coefficient. c Intrinsic load and extraneous load were only considered for inclusion in the germane load model.
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DISCUSSION
According to CLT, the working memory has limited capacity to manage the three types of
cognitive load, intrinsic, extraneous, and germane load, which use working memory
resources in an additive fashion.4 When working memory is overloaded, learning may
suffer. It is therefore crucial to understand how learners’ working memory resources are
being used so cognitive load and learning can be optimized. This is especially pertinent to
procedural skills training, where substantial combined cognitive and psychomotor demands
may overwhelm working memory and adversely affect learning, and opportunities for
deliberate practice may be limited. In this study, we identified features associated with
three types of CL among 477 fellows undergoing colonoscopy training in the US. These
results suggest practical implications for procedural skills teaching and instructional design
through the lens of CLT, which are discussed below, organized by the three types of CL. It is
important to note that, to be effective, some of these implications rely on learners and/or
instructors being aware of learners’ degree of cognitive load, as well as effective
communication between learners and instructors.
Intrinsic load
Our findings reflect CLT’s stance that IL will be greater when learners are less experienced
and/or tasks are more complex (greater number of maneuvers performed, worse patient
tolerance of procedure). A less experienced learner and a more complex procedure would
both increase the likelihood that the supervisor will need to take over. This was reflected in
our model, as supervisor takeover was associated with higher IL.
What do these findings suggest for optimizing IL when teaching procedural skills? While our
cross-sectional data prevent direct implication of benefit from any particular teaching
approach, there are several that seem relevant based on our data and understanding of CLT.
For individual learners, partial task completion and worked examples, both well-studied
methods for managing IL,6 may help balance task complexity with learner experience,
particularly among early procedural learners. Considering part-task approaches, an early
learner could be assigned only certain components of a procedural task, which could then
be expanded (using a scaffolded approach) as the learner advances in experience and level
of competence. (For colonoscopy, two competence assessment tools have reported validity
evidence and could help inform such decisions.16,17 Each of these is completed by the
supervisor immediately following a colonoscopy.) Considering worked examples, when a
very novice learner experiences difficulty, the supervisor could take over immediately
(rather than allowing the learner to struggle unproductively), and continuously narrate how
s/he is overcoming the difficulty. Ideally, the learner would then be permitted to attempt
the technique demonstrated by the supervisor. This might help reduce the IL while
promoting GL, but would require the learner and/or the supervisor to recognize when the
learner is struggling or is cognitively overloaded.
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Our findings might also support benefit of assigning procedural learning tasks that are
appropriate for a learner’s level of experience. Just as a teacher would not assign an algebra
problem to a child early in grade school, nor should we assign an early procedural skills
learner a task that is clearly beyond his skills. Such mismatch has been referred to
“destructive friction”18 and puts the learner at substantial risk of cognitive overload.
Conversely, a thoughtful and intentional approach to curricular design and individual
teaching may help match the procedural task complexity to the skill of the learner.
At the program and curricular level, the classic Halstead approach of “see one, do one, teach
one” seems inappropriate for the complexity of modern health professions procedures, as
this places learners at risk of overwhelming IL. Rather, a scaffolded approach to procedural
learning, such as the “Learn, See, Practice, Prove, Do, Maintain” pedagogical framework
proposed by Sawyer and colleagues,19 may better balance factors contributing to IL.
It is interesting that prior colonoscopy experience and year in training were independently
significant in the IL model despite clear correlation with one another. This might suggest
that experience outside of actual procedures performed by a learner may contribute to
procedural skills learning and competence. Such experiences might include practice with a
simulator, observing other learners or faculty performing procedures, discussing aspects of
procedural skills during non-procedural patient care, and/or didactic teaching sessions.
Additionally, these data may suggest that learners may transfer skills learned from one
procedure (e.g., upper gastrointestinal endoscopy) to another procedure (e.g.,
colonoscopy).
Extraneous load
In the procedural skills setting, EL should arise from distractions in the procedural space,
unclear or confusing instructions, or poor teaching techniques, all of which are primarily
related to the setting and the teacher. In accord, we found that a setting feature (queue
order) and two supervisor features (engagement and confidence) were associated with EL.
The lack of association between EL and measures of experience suggests that learners of all
stages in training may be susceptible to factors causing EL, and underscores the importance
of minimizing EL throughout procedural skills training. Following are suggestions for
minimizing EL that could be implicated by our data and CLT.
The number of endoscopies previously performed that day (i.e., queue order) was positively
associated with EL, suggesting that, as the day progresses, learners may experience higher
EL. Queue order is known to reduce polyp detection rate among practicing
gastroenterologists,20 and it stands to reason this would affect trainees as well. This
suggests procedural learners should not perform “too many” procedures per day or session
(though the “ideal” number will depend on the setting and the learner), and, that
supervisors should carefully select which procedures learners perform near the end of a
long day of procedures, or adjust the amount of support they provide to the learner
accordingly. Other potentially distracting features of settings, such as pagers, on-call status,
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and numbers of people in the procedural space were not associated with EL. It may be that
these features do not significantly affect EL during colonoscopy training, but could be
relevant in other procedural skills settings.
Perceived supervisor disengagement and lack of confidence were associated with higher
levels of EL. These intuitive findings suggest that supervisors should remain engaged with
the learner and their learning process, and confident in their procedural and teaching skills,
to help learners remain on task, and to manage the environment to minimize distractions.
The positive association between EL and supervisor takeover of the colonoscopy might
suggest that a learner who is distracted or who receives confusing or unclear instructions
(i.e., a learner with high EL) may perform poorly, contributing to supervisor takeover, or,
conversely, that supervisor takeover causes learners to perceive more EL. EL should be
minimized in procedural teaching to afford learners greater opportunities to complete
procedures autonomously.
Germane load
GL involves processes that lead to actual learning as defined by CLT,4 and features
associated with GL could be present in any of the categories that we studied. The CLIC is not
definitively proven to measure actual GL, however, as this would require association with
measures of learning and/or performance.
In our GL model, only perceived supervisor engagement was associated with GL, and in the
anticipated direction (less perceived engagement associated with lower GL). This supports
the ability of an engaged supervisor to help learners use cognitive techniques to manage the
IL for a procedural task, including schema formation (e.g., how to reduce a colonoscopic
loop or remove a polyp), chunking of information (e.g., the anatomical features that
together identify the cecum), and task automation (e.g., retroflexion of the colonoscope
within the rectum). A supervisor perceived as very engaged might also have been a
supervisor who demanded a high level of explanation or performance from the fellow; this
would also promote GL. Furthermore, a more engaged supervisor was associated with
lower EL, which might have made available more space in working memory for GL. Clearly,
supervisors should remain engaged with the procedure and their learner to facilitate GL and
learning. However, teachers should also be aware of the expertise reversal effect, in which
certain teaching strategies beneficial for novices may actually hamper learning among more
experienced learners.21 As supervisors remain engaged, they must modulate their degree
and type of engagement to the learner’s degree of expertise.
Why were features of settings, patients/tasks, and learners not associated with GL? It is
likely that the setting and patient/task features we assessed have little impact on GL. In
other words, procedural skills learners can probably learn from wide variety of patients,
tasks, and settings. We suspect that the lack of association with learner features relates to
our inclusion of IL in the GL model. Indeed, when we removed IL and EL from the GL model,
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prior colonoscopy experience and fatigue were both associated with GL, in the same
directionality as their associations with IL. Conversely, the IL model did not change with the
addition of GL.
The role of fatigue
Fatigue was positively associated with both IL and EL, but not GL. This is an important
finding, as trainee work hours and fatigue remain a significant focus of medical education
research, particularly in surgical fields, which are intensely procedural.22 Fatigue’s positive
association with both IL and EL suggests that fatigue may increase learner perception of
intrinsic task difficulty and enhance awareness of, or susceptibility to, environmental
distractions and suboptimal teaching technique. However, the lack of association with GL
suggests that fatigue may not affect GL (and therefore opportunities for learning). Studies
from the surgical literature have found no difference in surgical outcomes for operations
performed at night (when fatigue would be higher),23 or after implementation of work hours
restrictions for trainees (which should reduce fatigue).24 In fact, a recent study of lessrestrictive duty hours found non-inferior outcomes in terms of patient safety and trainee
satisfaction.25 While our findings cannot directly support either restricting or liberalizing
duty hours for procedural learners, associations between fatigue and IL and EL may provide
insights for supervising and teaching procedural learners. It may be beneficial to monitor
learners’ level of fatigue and to adjust complexity of procedural cases or degree of support
for more fatigued learners. This could help avoid high levels of IL and EL, which in some
cases could theoretically affect GL and learning.
A summary of the forgoing recommendations to optimize cognitive load during
colonoscopy training is provided in Table 4.
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Table 4. Teaching and instructional design suggestions to optimize cognitive load during
procedural skills training.
Suggestion for teaching or instructional design
Have early learners complete only pre-determined part
of procedural task
Select procedural task based on learner’s level and
anticipated complexity
Take over quickly when early learner is struggling and
describe approach
Adjust amount of support provided to learner based on
learner’s prior experience and complexity of procedure
Scaffolded procedural skills curriculum
Use simulator for early procedural learners
Observe others performing procedures
Take advantage of opportunities to learn outside of
actual procedures
Monitor effects of fatigue on learners
Consider target number of procedures a learner should
perform in one session
Supervisor manages environment to keep it conducive
for learning
Supervisor remains engaged with procedure and
learner
Supervisor keeps learner engaged when taking over
procedure
Ask learners to decide or explain next steps, rather than
immediately telling them what to do

Cognitive load goals potentially affected
Optimize IL Minimize EL Maximize GL
Yes
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
Yes
Yes

Yes

Yes
Yes

Yes
Yes

Yes
Yes
Yes
Yes

Yes

Yes

Yes
Yes
Yes

Abbreviations: EL, extraneous load; GL, germane load; IL, intrinsic load.
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Limitations of features studied
The features we studied were chosen based on review of the CLT and colonoscopy
literature, and after discussions with multiple experts in CLT and colonoscopy training.
Although we identified a number of features that were associated with IL, EL, and GL, our
models only explained 36%, 19% and 17% of variance, respectively. This begs the question,
“What is missing from our models that could affect CL in procedural skills training?” There
are undoubtedly unmeasured factors that could affect each type of CL that would in part
account for the small to moderate adjusted R2 values of our models. Because human
behavior and psychology (the primary domains of CL) are more complex and less predictable
than, for example, physiologic processes, greater variance and lower R2 values are expected.
Furthermore, our models were not intended to predict precise estimates of CL, but, rather,
to identify factors associated with each type of CL.
Implications for cognitive load theory
There remains debate regarding GL and whether it represents a unique component of CL,7
or whether it should be considered as part of IL.9,10 This debate remains, in part, because
few studies have separately measured different CL types.8,9,26,27 Though the present study
cannot fully solve this debate, the differing sets of contributors to IL and GL provide
additional evidence supporting a three-factor solution for CL. Characteristics clearly related
to intrinsic task difficulty (patient tolerance, number of maneuvers performed, whether the
supervisor took over the colonoscopy) were associated with IL but not GL, while perceived
supervisor engagement was associated with GL but not IL. If IL and GL represent the same
construct, we should have found similar characteristics associated with each. Our findings
therefore provide additional support for (but do not prove) a three-factor model for CL.
Limitations
Because studying procedural skills training in all its variety across the spectrum of medical
education was infeasible, we selected colonoscopy as an exemplar, for the reasons
discussed previously. While some of the predictor variables we studied are specific to
colonoscopy, the general categories of variables we studied (learners, patients/tasks,
settings, supervisors) are pertinent and adaptable to any procedural skills training setting in
the health professions.
The CLIC estimated trainee perceptions of CL, and did not measure CL directly. However,
only psychometric methods such as ours can currently measure different types of CL in the
colonoscopy setting, and the three CL types were central to our research questions. Our
prior work provided evidence that the CLIC measures three different constructs, which we
believe are likely the three types of CL.13 The NASA Task Load Index (which measures
perceived level of exertion) has been used to study colonoscopy training,28 yet we felt that
studying different types of CL would provide richer implications for instructional design. We
acknowledge that the CLIC is a post-hoc assessment of CL. Because self-assessment is
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considered a relatively unreliable skill among trainees,29 it is possible that a fellow’s
perception of how a procedure went could affect their mental reconstruction of the event,
their estimation of CL, and their report of some predictor variables (particularly perceived
supervisor confidence or engagement). However, assessing three types of CL in the
moment during an actual colonoscopy would not likely have been feasible, and certainly not
on such a large scale. Comparing in-the-moment and post-hoc assessments of CL would be
an interesting direction for future research. Additional evidence for validity of post-hoc
psychometric estimation of CL was recently provided by Szulewski and colleagues, whose
study suggested that psychometric and physiologic methods could both be used to measure
the construct of CL, with strong correlations between these two types of measures.30
Finally, it is important to remember this cross-sectional study cannot assign causality to
associations between procedural features and CL. Rather, our findings should be viewed as
associations and are intended as exploratory analyses to guide future prospective and/or
experimental studies, which could be very useful for further understanding practical
application of CLT in procedural skills training. Additionally, our study design prevents direct
support for the instructional recommendations that we discuss; rather, these represent the
opinion of the authors based on data from our study, our understanding of CLT, and the
experience of author JS in performing and teaching colonoscopy.

CONCLUSION
In summary, this study highlights how features of learners, patients/tasks, settings, and
supervisors are associated with CL in colonoscopy learning. Our findings offer potential
teaching implications across the diversity of procedural skills training settings.
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SUPPLEMENTAL MATERIAL – CHAPTER 3
Supplemental Table 1. Items Used to Measure Cognitive Load Types in the Cognitive Load
Inventory for Colonoscopy (CLIC), from a Study of the Implications of Cognitive Load for
Teaching and Instructional Design, 2014–2015.
Intrinsic load items
Please rate your agreement with the following statements regarding the colonoscopy you’ve just
completed:
Physically manipulating and controlling the colonoscope was difficult.
Using ancillary instruments (i.e., biopsy forceps, polypectomy snare, injector needle, clips,
cautery device) was difficult.
Identifying normal anatomy and/or landmarks was difficult.
The endoscopic findings were complex or difficult to characterize.
It was difficult to manage identified pathology (i.e., polyps that were difficult to remove,
bleeding that was difficult to control).
It was difficult to keep track of, or remember, all the endoscopic findings.
Overall, this colonoscopy was difficult and/or complex.
Extraneous load items
Please rate your agreement with the following statements regarding your experience during the
colonoscopy you’ve just completed:
My supervisor’s instructions were unclear.
My supervisor used language that was confusing or unfamiliar.
The manner in which my supervisor provided instructions or teaching was ineffective for my
learning.
I felt distracted by the environment (i.e., my pager going off, environmental noise, the layout of
the room).
Germane load items
Please rate your agreement with the following statements regarding your level of mental effort
during the colonoscopy you’ve just completed:
I invested substantial mental effort learning how to control or manipulate the colonoscope
and/or other endoscopic equipment.
I invested substantial mental effort identifying or understanding colonic anatomy.
I invested substantial mental effort understanding, remembering, and/or managing the
endoscopic findings.
Overall, I invested substantial mental effort learning during this colonoscopy.
Participants were asked to rate their level of agreement with each item using a 0 (‘strongly disagree’
to 10 (‘strongly agree’) scale.
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Supplemental Table 2. Measurement Of Learner, Patient/Task, Setting, and Supervisor Features,
from a Study of the Implications of Cognitive Load for Teaching and Instructional Design, 2014–
2015
Feature
Year in
training

Category
Learner

Data type
Ordinal

Prior
Learner
colonoscopy
experience

Ordinal

Sleep

Learner

Continuous

Fatigue

Learner

Ordinal

Bowel prep Patient
quality
Poor patient Patient
tolerance

Ordinal

Type of
sedation

Patient

Categorical

Patient age

Patient

Ordinal

Patient
gender
Number of
ancillary
maneuvers
performed

Patient

Categorical

Patient

Continuous

Indication
Patient
for
colonoscopy
Urgent or
Patient
emergent
indication
Location
Setting
colonoscopy
performed

Categorical
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Ordinal

Yes/No
Categorical

Survey question and response options
What is your current year in gastroenterology
fellowship?
Options: 1, 2, 3, 4
Approximately how many colonoscopies have
you performed to date?
Options: 50 or fewer, 51-100, 101-150, 151200, 201-250, 251-300, More than 300
On average, approximately how many hours
have you slept each night over the past week?
Options constrained to answers between 0
and 12
What is your current level of fatigue?
0-100 slider scale from “as good as it can be”
to “as bad as it can be”
The patient's bowel prep was:
1-4 scale: Excellent, Good, Fair, Poor
How well did the patient tolerate the
colonoscopy?
1-4 scale: Tolerated well, Tolerated fairly well,
Tolerated somewhat poorly, Tolerated poorly
How was the patient sedated?
Options: Moderate sedation, Monitored
anesthesia care, General anesthesia, No
sedation
How old was the patient?
Options: Less than 18 years old, 18-40 years
old, 41-60 years old, 61-80 years old, 81 years
or older
What was the patient's gender?
Options: Female, Male
What ancillary maneuvers did you perform
during the colonoscopy (select all that apply):
Options: Biopsy, Forceps polypectomy, Snare
polypectomy, Clip placement,
Cautery/coagulation, Injection, Foreign body
removal, Other
What was the primary indication for the
colonoscopy?
For options, see Table 2
Was the colonoscopy performed for an urgent
or emergent indication?
In what setting did you perform the
colonoscopy?

Queue
order

Setting

Continuous

Number of
people in
room

Setting

Continuous

On call at
Setting
the time of
colonoscopy
Paged
Setting
during
colonoscopy
Type of
Supervisor
supervisor

Yes/No

Perceived
Supervisor
supervisor
engagement

Ordinal

Perceived
supervisor
confidence

Supervisor

Ordinal

Supervisor
Supervisor
took over
colonoscopy

Yes/No

Options: Endoscopy suite, Intensive care unit,
Operating room, Emergency department,
Other
Approximately how many endoscopic
procedures (both endoscopies and
colonoscopies) did you perform today before
starting this colonoscopy?
Approximately how many people were
present in the room during the colonoscopy?
Please include all people present including
yourself, your supervisor, nursing and clinical
staff, observers, and the patient.
Were you on call at the time of this
colonoscopy?

Yes/No

Were you paged during this colonoscopy?

Categorical

What was the level of your supervisor for the
colonoscopy?
Options: Senior attending physician, Junior
attending physician, Another fellow, No
supervisor, Other
How engaged was your supervisor in terms of
teaching you during the colonoscopy?
1-5 scale: Very disengaged, Somewhat
disengaged, Neither engaged nor disengaged,
Somewhat engaged, Very engaged
How confident did your supervisor seem?
1-5 scale: Very lacking in confidence,
Somewhat lacking in confidence, Neither
confident nor lacking in confidence, Somewhat
confident, Very confident
Did your supervisor physically take over the
colonoscopy at any point?
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ABSTRACT
Cognitive load theory (CLT) is of increasing interest to health professions education
researchers. CLT has intuitive applicability to workplace settings, yet how CLT should inform
teaching, learning, and research in health professions workplaces is unclear. To map the
existing literature, we performed a scoping review of studies involving cognitive load,
mental effort and/or mental workload in professional workplace settings within and outside
of the health professions. We included actual and simulated workplaces and workplace
tasks. Searching eight databases, we identified 4,571 citations, of which 116 met inclusion
criteria. Studies were most often quantitative. Methods to measure cognitive load included
psychometric, physiologic, and secondary task approaches. Few covariates of cognitive load
or performance were studied. Overall cognitive load and intrinsic load were consistently
negatively associated with level of experience and performance. Studies consistently found
distractions and other aspects of workplace environments as contributing to extraneous
load. Studies outside the health professions documented similar findings to those within
the health professions, supporting relevance of CLT to workplace learning. The authors
discuss implications for workplace teaching, curricular design, learning environment, and
metacognition. To advance workplace learning, the authors suggest future CLT research
should address higher-level questions and integrate other learning frameworks.
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INTRODUCTION
Researchers are increasingly interested in applying cognitive load theory (CLT) to health
professions education (HPE) because of its potential to directly impact design of
instruction1. Developed by Sweller and colleagues in 1988 2, CLT focuses on the role of
working memory in learning. As opposed to capacity for sensory input and long-term
memory, both of which are theoretically unlimited, working memory is limited in both
capacity and duration, allowing for maintaining and processing only a few pieces of
information at any given time 3. As a result, working memory functions as the primary
bottleneck for learning. CLT posits that, during a learning task, the degree of working
memory load (imposed by cognitive processes) should not exceed its limited capacity, and
that working memory should be used for processes conducive to learning rather than
extraneous processes; otherwise, learning and performance will degrade 2,3.
CLT envisions at least two, and possibly three, types of cognitive load (CL). Intrinsic load
refers to cognitive demands imposed by accomplishing the essential components of a
learning task. Intrinsic load owes largely to the complexity of the learning task and the
learner’s prior experience and knowledge. Ideally, intrinsic load should be matched to the
learner’s prior experience; that is, intrinsic load should be neither too high (which will
overwhelm a learner’s working memory) nor too low (which may induce boredom or
apathy). Extraneous load occurs when learners use working memory resources to engage
in cognitive processes that are not essential to completing the learning task. Common
examples include external distractions (e.g., environmental) or suboptimal instructional
design (e.g., unnecessarily having to search for information). Internal distractions (e.g.,
worries about external or personal issues, competing demands, self-induced time pressure)
may also contribute to extraneous load 4,5. Extraneous load should always be minimized. A
third type of cognitive load, germane load, occurs when learners deliberately use cognitive
processes to create or modify cognitive schemas (organized patterns of information held in
long-term memory that are retrievable as a single unit). Examples of means to promote
germane load include instructional design (e.g., interleaved practice compared to blocked
practice) or prompting generative processes (e.g., self-explaining, or elaborating) 6.
Researchers currently debate whether to conceptualize germane load as a third type of
cognitive load distinct from intrinsic and extraneous load or as a subset of intrinsic load
1,4,7,8. For consistency, this paper will refer to germane load as a separate construct, but it
can equally be conceptualized as “working memory resources used to deal with intrinsic
load” 1,7,8. In either case, the ability to control or modulate germane load lies primarily with
the learner, as opposed to intrinsic load which is not typically under control of the learner 4.
Because elevated levels of intrinsic and extraneous load both reduce space for schema
formation, elevated levels of either can negatively impact performance and learning.
An ideal learning task is one in which intrinsic is matched to the level of the learner,
germane load is optimized, and extraneous load is minimized 4,9. Mental effort (ME) and
mental workload (MWL) are concepts that predate CLT yet are related to CL, and are
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considered indicators of CL experienced by the learner 10. For consistency and ease of
reading, we will use the term ‘CL’ when referring generally to the related constructs of CL,
ME, and MWL, but will use specific terms during discussion of studies that specifically refer
to each construct.
CLT is particularly relevant to complex learning settings, such as found in HPE, where there
are high levels of element interactivity (i.e., when elements of a task cannot be processed
independent of one another but need to be processed in relation to each other for learning
to occur) 1,3,11. Within HPE, workplace settings (both simulated and actual workplaces) are
arguably among the most complex, often involving multiple tasks, numerous stakeholders,
and prevalent distractions, in addition to urgent, emergent, and crisis situations in which
high-stakes decisions require rapid, accurate responses. This workplace climate creates
substantial potential for cognitive overload among learners.
Several CLT scholars have written excellent reviews of CLT in relation to HPE 1,3,11,12.
However, substantial coverage of CLT’s role in workplace learning is limited. Naismith and
Cavalcanti’s systematic review of validity evidence for CL measures was limited to
simulation-based learning and did not include other workplace settings 12. Consequently,
how and when CLT can be most effectively used to understand and guide instruction and
research in HPE workplaces is unclear.
CLT has most often been discussed in relation to design of instruction within classroom
learning settings, yet we appreciate strong potential for applications to workplace learning.
We therefore designed a scoping review to map the existing literature related to CLT and its
related constructs within workplace learning settings (both simulated and actual
workplaces). Because study of non-healthcare settings has informed best practices in
healthcare (e.g., insights from aviation have shaped the practice of anesthesia 13), we
searched for studies in professional workplace settings both within and outside of the
health professions. We were interested in both theoretical and practical implications of
published studies. We designed the review to address three a priori research questions:
1. How do studies of CLT, CL, ME, and MWL in workplace settings inform, contribute to,
or conflict with, theoretical tenets of CLT?
2. What practical implications for workplace teaching, curricular design, and
educational research in the health professions can be drawn from included studies?
3. How has the study of CLT differed in health professions versus non-health
professions settings, and what lessons can be learned from these differences?

METHODS
We designed a scoping review following the six-step process described by Arksey and
O’Malley 14. The Best Evidence in Medical Education (BEME) Collaboration 15 approved the
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protocol that guided our methods. The first step – Identifying the Research Question – was
covered in the Introduction. Steps 2-6 are described below.
Identifying relevant studies
We designed our search strategy to reflect two primary constructs: CL and workplace
learning (including both simulated and actual workplaces and tasks). We searched eight
databases, several of which include grey literature, to maximize representation of both HPE
and non-HPE settings (see Supplemental Table A). Search strings were developed amongst
authors, including those with experience in CLT (JLS, TvG, JQY), workplace learning (OtC,
PSO’S), and library and information science (LAM). We slightly modified preliminary search
terms after checking results of two pilot searches for 11 papers related to CLT that we
expected our search terms should have produced 1,3,11,16-23. This resulted in adding terms
related to learners, trainees and students, after which all 11 studies were identified.
Supplemental Table A depicts databases and search terms. De-duplication was performed
initially with EndNote and later by hand.
We hand searched bibliographies of included studies and several review articles 1,3,11,12, and
continually monitored the literature by regularly reviewing newly published tables of
contents for several HPE journals (including Medical Education, Academic Medicine, Medical
Teacher, Advances in Health Sciences Education, and Teaching and Learning in Medicine) for
relevant articles published after the literature search was performed. Because of the very
large number of journals that could have published relevant papers over a large timeframe,
we did not feel that hand-searching tables of contents of previously published journal issues
was feasible. No restrictions were imposed on publication date, language, study design, or
publication type.
The literature search was initially performed March 14, 2016 and rerun July 21, 2017.
Selecting studies to be included in the review
Table 1 describes inclusion criteria; all three criteria were required for inclusion. Based on
the second criterion, we included only empirical research and excluded reviews,
commentaries, and editorials.
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Table 1. Study inclusion criteria.
Inclusion criterion

Definition/explanation

Study uses CLT or measures
cognitive load

Study design explicitly uses CLT, OR measures cognitive load,
mental effort, or mental workload

Educational research study

Empirical research study that includes practitioners, learners,
trainees, and/or student participants with specific study objective
to assess process or outcomes of learning

Workplace setting

Study occurs in an applied setting in which trainees or learners
are involved in activities that are partial or complete
representations of tasks and/or environments in which their
profession is/will be applied

Review for inclusion or exclusion was accomplished using the Covidence platform (Veritas
Health Innovation Ltd, Melbourne, Australia), a web-based systematic review manager.
Two authors (JLS and PSO’S) independently reviewed titles and abstracts. They met after
the first 25 titles to ensure that they consistently interpreted the inclusion criteria. They
met periodically to work out disagreements through discussion. Full text screening was
then conducted simultaneously, with JLS and PSO’S meeting multiple times to discuss
studies marked for full-text review, coming to consensus on each for inclusion or exclusion.
LAM was available at all stages to assist in decision-making if JLS and PSO’S could not agree
on inclusion/exclusion.
Charting the data
We extracted pre-determined data that would inform our research questions: publication
characteristics, profession and training level of subjects, sample size, methodology, method
of CL measurement, study outcomes, degree of CLT integration based on Kumasi’s method
24, theoretical implications for CLT, and practical implications for workplace teaching,
curriculum development, and research.
As the primary author, JLS extracted data for all studies, and second extractor duties were
divided among other authors. Differences in data extraction were adjudicated through
discussions between JLS and the other extractors. In the case that JLS and the other
extractor could not agree on a particular piece of data, JLS discussed with PSO’S and/or LAM
to resolve final coding decision. The authors extracted data using an online form created
using the Qualtrics platform (Qualtrics, Provo, UT). The Supplemental Material depicts the
data extraction form.
Collating, summarizing, and reporting results
JLS exported data from Qualtrics to an Excel spreadsheet. Characteristics of included
studies were synthesized and reported in narrative and tabular format. Knowledge
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synthesis was performed as follows. Each data extractor coded “implications for workplace
learning” and “implications for CLT” based on review of each study. JLS iteratively reviewed
these comments within the Excel spreadsheet to develop an initial synthesized set of topics
relevant to the research questions. These topics were refined and revised through
discussion with all authors. Our pre-determined plan was to organize results, when
possible, according to CLT’s aims to optimize intrinsic load, minimize extraneous load, and
optimize germane load 4,9, but we also planned to identify and consider themes that might
emerge from the studies. We selected exemplar studies to highlight prominent findings.
Selected data extracted from each study were also assembled into a table (Supplemental
Table B) for further reference.
Because we sought to deliver a product that was not only theoretically relevant, but also
practically useful, we set out to develop a set of ‘best practices’ for applying CLT to
workplace learning. To develop these best practices, we used the frameworks of CLT and
workplace learning as lenses for synthesizing themes present in included studies. JLS
thematically analyzed the ‘implications for workplace learning and CLT’ that authors had
coded through data extraction, as described above. JLS then synthesized these themes as
they related to CLT and workplace learning, and assembled them into a set of ‘best
practices,’ which was presented in tabular format. Based on our synthesis of included
studies, all authors agreed upon the domains of Curricular Development, Direct Teaching,
Learning Environment, and Metacognition as a practical framework for organizing best
practices. Best practices were edited iteratively until all authors agreed on their content
and organization. Specific evidence supporting each best practice was cited.
JLS wrote the first draft of the manuscript following which all authors edited for key
content.
Undertaking consultations with key stakeholders
Because of the diverse expertise among our authors, the qualifications of the BEME protocol
reviewers, and the anticipated expertise of the editors and scholars who would review our
manuscript, we did not separately consult with additional stakeholders. The experiential
knowledge of our team was primarily leveraged during design of the literature search (e.g.,
making sure that appropriate studies were identified) and through data analysis and
knowledge synthesis (e.g., deciding how to organize and present studies and themes
identified).
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RESULTS
Search results
Our searches retrieved 4,571 citations, of which 352 full-texts were assessed for eligibility,
with 116 studies included. Figure 1 shows the study selection flow. The Supplemental
Material includes a table depicting all included studies.
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Figure 1. Study selection flow.
7,098 references from primary
literature searches

2,527 duplicate citations
4,219 removed based on review of
abstract

352 studies assessed for full-text
eligibility

235 studies excluded
•
•
•
•
•
•

97 – not original education
research
70 – subjects not professional or
pre-professional learners
38 – study does not relate to
cognitive load or mental effort
or mental workload
22 – study not performed in the
workplace
4 – found to be duplicates
4 – other reason

117 studies selected for data
extraction

12 additional studies identified
through review of reference lists

Data extracted for 129 studies

13 studies removed as irrelevant
after data extraction
•
•

116 total studies included

•
•
•

6 – study does not relate to
cognitive load or mental effort
or mental workload
4 – not original education
research
1 – study not performed in the
workplace
1 – subjects not professional or
pre-professional learners
1- eventual publication from
abstract in original search
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Overview of included studies
Most studies included authors from North America (N=82) and/or Europe (N=38). The
majority of studies (N=103) were published in the past decade, with an increasing
publication trend over recent years. Nearly 30% of studies were published in 2016 or 2017.
Of included studies, 97 were in HPE, mostly in medicine (N=85), but also nursing (N= 10),
surgical assisting (N=3), pharmacy (N=2), dentistry (N=1), and speech-language pathology
(N=1). Aviation (N=9) was the most common non-HPE setting; other non-HPE professions
included ship navigation, teachers, electricians, military, law enforcement, and nuclear
power plant operators.
The majority of studies (N=91) were of simulation, whereas 24 occurred in non-simulated
workplace settings. Most studies employed quantitative approaches that were
experimental (N=55) or non-experimental (N=49). Few studies used qualitative (N=5) or
mixed methods (N=7) designs. Median sample size was 27 subjects. See Table 2 for
additional characteristics of included studies.
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Table 2. Characteristics of included studies
Total N = 116
Continent of publication, No. (%)
North America
Europe
Asia
Australia
Africa
Study of health professions education, No. (%)
Study of non-health professions education, No. (%)
Health professions studied, No. (% in all studies; % in health
professions studies only) 1
Medicine
Nursing
Surgical assistants
Pharmacy
Dentistry
Speech-language pathology
Non-health professions studied, No. (% in all studies; % in
non-health professions studies only)
Aviation
Ship piloting
Military
Teachers
Law enforcement
Nuclear power plant operators
Level of learners, No. (%)1
Pre-professional students
Professional students
Post-graduate trainees
Practicing professionals
Sample size, median (range)
Study setting, No. (%)
Simulation
Workplace
Combined simulation and workplace
Methodology
Quantitative, non-experimental
Quantitative, experimental
Qualitative
Mixed methods, non-experimental
Mixed methods, experimental
CLT-related concepts mentioned, No. (%)1
Cognitive load
Mental effort
Mental workload
Intrinsic load
1

82 (70.7)
38 (32.8)
12 (10.3)
4 (3.4)
2 (1.7)
97 (83.6)
19 (16.4)

85 (73.3, 87.6)
10 (8.6, 10.3)
3 (2.6, 3.1)
2 (1.7, 2.1)
1 (0.9, 1.0)
1 (0.9, 1.0)

9 (7.8, 47.4)
3 (2.6, 15.8)
3 (2.6, 15.8)
2 (1.7, 10.5)
1 (0.9, 5.3)
1 (0.9, 5.3)
6 (5.2)
50 (43.1)
53 (45.7)
49 (42.2)
27 (4 – 573)
91 (78.4)
24 (20.7)
1 (0.9)
49 (42.2)
55 (47.4)
5 (4.3)
5 (4.3)
2 (1.7)
61 (52.6)
35 (30.2)
70 (60.3)
26 (22.4)
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Extraneous load
28 (24.1)
Germane load
22 (19.0)
Study measured/estimated cognitive load, mental effort, or
103 (88.8)
mental workload, No. (%)
Type of cognitive load measured, No. (%)1
Overall cognitive load, mental effort, mental workload
95 (81.9)
Subtype(s) of cognitive load
5 (4.3)
Overall and subtypes of cognitive load
3 (2.6)
1
Method for measuring CL, No. (%)
Psychometric single item
21 (18.1)
Psychometric multiple item
63 (54.3)
Secondary task
24 (20.7)
Physiologic measures
19 (16.4)
Qualitative methods
1 (0.9)
1
Because more than one categorization could apply to an individual study, percentages may not add up to
100%.

Conceptualization of cognitive load
CL was most often conceptualized and studied as overall CL, rather than as CL subtypes
(Table 2). Studies more often mentioned the construct of MWL (N=70) than CL (N=61) or
ME (N=35). The purpose of CL measurement was usually to compare CL between or
amongst groups. Few studies mentioned intrinsic, extraneous, or germane load (N=26, 28,
and 22 respectively), and fewer (N=8) attempted to measure one or more CL subtypes.
Nuances of CLT such as expertise reversal effect 25 and element interactivity 26 were rarely
mentioned.
Measurement of cognitive load
The large majority of studies (N=103) attempted to measure or estimate CL, using diverse
methods (Table 2). Psychometric approaches included single-item scales, usually Paas’ scale
10, and multi-item scales. NASA-TLX was the most common multi-item scale, but several
investigator-developed scales were utilized as well (see Supplemental Table B for details).
Non-self-reported measures included responses to secondary task (both response time and
accuracy), and a variety of physiologic measures (including heart rate and respiratory rate
variability, electroencephalogram, electromyography, eye tracking, pupil diameter, blink
frequency, serum adrenaline levels, brain imaging, and skin conductance). Several studies
measured CL using more than one method: five studies used more than one psychometric
approach, nine used both physiologic and psychometric approaches, and eight used both
psychometric approaches and responses to secondary tasks. No studies used both
physiologic measures and responses to secondary tasks.
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Variables studied
The most commonly measured variables in quantitative studies were CL and performance.
The latter was measured using many different techniques, usually applied immediately,
rarely delayed. In qualitative and mixed-methods studies, CL was sometimes directly
measured and was estimated qualitatively by subjects in others. Level of training and task
complexity were the two most oft-studied independent variables in both quantitative and
qualitative studies. One study explored the interaction between case complexity and
learner knowledge during simulated handoffs and found that learner knowledge was a more
important mediator of CL and performance 27. A few studies assessed other covariates of CL
and performance, including fatigue 28-30, disruptions and distractions 31-35, emotion 17,36-38,
the learning environment 39,40, and working with international students 41.
Optimizing intrinsic load and overall cognitive load
When studies measured or discussed overall CL, it was nearly always operationalized as
relating to intrinsic load. Numerous studies confirmed inverse relationships between task
complexity (i.e., element interactivity, which was assessed in studies as either overall CL or
intrinsic load) and performance, with performance being measured by how accurately tasks
were performed, and/or how many errors were committed. A few examples (among many)
included cadaveric versus simulated mastoidectomy 42, laparoscopic gynecological surgical
simulations of varying complexity 43, simple versus complex simulated cardiac auscultation
21, and simulated flight 44. Links between CL induced by task complexity and performance
were most pronounced among novice learners. Though most of these studies simply
described links between level of training and intrinsic load, a few specifically aimed to
reduce or optimize task complexity to improve learning. For example, in a study of
engineering graduate students training to be nuclear power plant operators, a decision
support system reducing complexity was found to reduce MWL and errors, and increase
accuracy of decision-making, during abnormal operating procedures 45. In a study of
psychiatry resident clinic panels, a workload-balancing method generated less variation in
complexity of patients assigned to each resident, thus balancing anticipated CL and
theoretically reducing risk of cognitive overload among these early trainees 46. In a study
involving pilots, a heads-up display designed to reduce pilots’ need to derive system states
reduced CL and improved performance 47. Notably, no studies addressed whether CL in
workplaces could be “too low”.
Simulation most commonly was used to study intrinsic or overall CL among early or novice
learners (i.e., learners new to the field, or who had little experience performing the task in
question). Beyond documenting benefits of simulation for learning, studies supported use
of lower fidelity and lower complexity simulation for early learners. For example, Haji linked
reduced element interactivity with higher performance and lower CL in a study of simple
versus complex simulated suturing 16. Chen found similar findings related to performance in
a study of simulated cardiac auscultation 48, as did Tremblay in a study of simulated
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medication dispensing and patient counseling among pharmacy students 39. Among more
advanced learners with adequate prior knowledge, however, Dankbaar’s research suggested
that a more complex simulation inducing greater intrinsic load could also promote germane
load 49.
Multiple studies assessed how simulated surgical approaches impacted overall CL or
intrinsic load: including robotic versus laparoscopic 50-52, simulation versus animal model 53,
endoscopic versus laparoscopic versus open 54, and standard versus single incision
laparoscopic 55-57. These studies typically found the more complex approach to be
associated with higher CL and lower performance. These differences were seen among both
faculty and trainees alike, but were more marked among subjects with less prior experience
42,51-59.
While the above studies involved whole tasks, several studies, including three performed in
non-HPE settings, aimed to determine which parts or aspects of workplace learning induced
the greatest amount of CL. Moos found varying levels of overall CL among eight different
teaching tasks performed by pre-service teachers 60. Dahlstrom identified that different
flight segments caused varying levels of MWL among trainee and practicing pilots 61. In a
study of ship piloting, Murai found that CL was highest when crucial decisions were required
62. Similar findings were seen in HPE settings including administration of anesthesia 63,64,
clinical reasoning in primary care 65, and creating dental molds 66. In the latter study, Walker
identified which task components were most complex using cognitive task analysis 66.
Although Moos’ study suggested that learners may be able to recognize cognitive overload
60, no studies specifically taught learners or instructors to recognize or manage overall or
intrinsic cognitive overload. Furthermore, all studies were focused on very specific settings,
whereas none investigated CL at the large-scale curricular or overall workplace level.
Minimizing extraneous load
Studies with implications for extraneous load often focused on specific elements of
workplace teaching environments that could impact CL. Notably, most studies measured
overall CL rather than extraneous load. However, most manipulated variables were
assumed or inferred to be inducers of extraneous load. Most common were studies of how
information is displayed, interpreted, and manipulated within workplaces. Two HPE studies
found lower CL during interpretation of clinical information when data were presented
graphically rather than numerically, including arterial blood gas data 67 and critical care
patient data 68. Dominessy documented similar findings among helicopter pilots; in that
study, the method of presenting tactical information impacted CL; CL was highest when
displayed as text, mid-level when displayed as numeric, and lowest when displayed in
graphical format 69. Two studies found that more intuitive formatting of clinical reminders
70 and order sets 71 in electronic health records could reduce CL (again extraneous load was
implied); in the former study, learnability was improved, and in the latter, performance was
improved. A qualitative study of an electronic health record also suggested that a well88

designed electronic health record could reduce extraneous load, in particular by making
patient histories and test results more easily accessible, and by eliminating challenges
associated with reading handwritten documentation 65.
Researchers also studied reduction of extraneous load by standardizing tasks. This was
primarily accomplished through the use of checklists, which were found to reduce CL
(extraneous load implied) and improve performance. In aviation maintenance, Liang et al
found that instructions administered to aircraft mechanics using an online maintenance
assistance platform was associated with lower CL and better performance than instructions
written on a paper work card 72. In two different studies, Sibbald et al found that use of
checklists during simulated cardiac auscultation 73 and simulated electrocardiogram
interpretation 74 was associated with better performance, and equal or lesser CL, compared
with a control condition.
In some studies, the physical environment was treated as an important variable, particularly
as it impacted extraneous load. High fidelity environments were found to be associated
with higher levels of extraneous load in simulated medication dispensing among pharmacy
students, presumably due to increased prevalence of distractions within more authentic
environments 39. In one study, the contextual factors of patient emotional volatility and
non-English speaking increased CL and impaired performance (even among practicing
physicians), presumably due to high levels of extraneous load 75. Multi-tasking and time
pressure increased CL and impaired nursing students’ operation of infusion pumps 76 and
surgical residents’ laparoscopic suturing 77. Distractions and disruptions were found to be
common sources of extraneous load during medication administration among nurses 35 and
among operating room staff 31,32. Lee and colleagues completely redesigned the physical
environment of a radiology group based on tenets of CLT, resulting in fewer disruptions,
lower CL, and greater workplace satisfaction among fellows and faculty 78.
While the above focused on the physical environment, other studies focused on emotion as
a potential internal contributor to extraneous load. Fraser studied emotions as a potential
source of extraneous load in two studies. Among medical students participating in a
simulation of aspirin overdose, half were randomized to a scenario in which the patient
unexpectedly died. These subjects reported more negative emotions and higher CL
(presumably extraneous load), and their performance 3 months later was statistically lower
than the control group 38. In the second study of medical students learning cardiac
murmurs, invigoration was positively associated, and tranquility negatively associated with
CL (again, presumably extraneous load), and CL was negatively associated with performance
36.
Two studies documented teaching behaviors that could impact extraneous load. Tangential
conversations were found to increase CL and impair performance during simulated
laparoscopic suturing 33. Greater teacher confidence and engagement were associated with
lower levels of extraneous load among fellows learning to perform colonoscopy in actual
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workplace settings, though performance was not assessed 40. In that same study, fatigue
and number of prior procedures performed that day were positively associated with
extraneous load.
Optimizing germane load
Optimizing intrinsic load and minimizing extraneous load creates space in working memory
for activities contributing to germane load 3. Additionally, instructional and curricular
approaches may promote germane load. There were relatively few studies of germane
load, either explicitly stated or implied, despite optimal germane load being a primary goal
of CLT. Because learning complex skills takes time 16,79-82, design of practice is important to
promote germane load. Studies comparing distributed or spaced practice with massed
practice (for simulated mastoidectomy and heart sound learning) produced contradictory
results 22,83,84. Two studies of mixed and random practice (for simulated laparoscopic tasks
and cardiorespiratory auscultation) found improved performance as compared with blocked
practice 21,85, which may imply greater learning and therefore germane load.
Studies suggested several specific teaching approaches that may promote germane load.
Two studies found increased germane load or perception of learning when learners with
adequate prior experience were taught using higher fidelity simulation: in simulated
medication dispensing and patient counseling among pharmacy students 39, and in
simulated emergency medical care among medical students 49. Notably, in the former
study, extraneous load was also higher in the high fidelity group. Other suggested methods
to promote germane load included situational awareness training 86,87; self-explanation,
asking clarifying questions, and/or confirming one’s understanding 88; greater teacher
engagement with learners 40; and careful design of feedback practices 89.
No studies specifically addressed how learners created or honed cognitive schemas. Only
one study attempted to link germane load with future performance49. The authors did not
find a link, possibly because the learning task (emergency medicine skills) was too complex
for the learners’ level of prior experience.
Crisis situations
Crisis situations emerged as a unique setting related to CL in workplace learning settings.
Crisis situations may induce high levels of CL, not only because of the numerous
informational elements and high element interactivity, but also because of time demands
and stress-related emotions. Studies of crisis situations involved simulations of anesthesia
90, patient death 38, vertebroplasty 91, and postoperative care 92. Crisis situations tended to
induce CL and reduce performance. In one study, debriefing after a crisis was associated
with reduced CL during a subsequent simulated crisis as compared with no debriefing 92.
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Comparing HPE and non-HPE studies
Non-HPE studies more often mentioned MWL (84.2% of non-HPE studies, 60.3% of HPE
studies) and less often mentioned CL (21.1% of non-HPE studies, 52.6% of HPE studies) or a
CL subtype (10.5% of non-HPE studies, 25.0% of HPE studies). Study designs, settings and
samples were not substantively different. Thematic analysis of non-HPE and HPE studies
produced similar results with regard to theoretical considerations.
Following is a summary of major professions and topics present in non-HPE studies, noting
that several were previously mentioned above. Many non-HPE studies evaluated operation
of large vehicles (aircraft, helicopters and ships). The aims of these studies were diverse and
included: descriptively comparing CL and performance by level of training 93; testing
whether cockpit innovations (such as method or formatting of information display)
impacted CL or performance 47,69; comparing simulated and actual operation of the vehicles
61; determining the relative levels of CL during particular flight or navigation segments 62,94;
and determining whether increased CL was associated with increased errors 44. Two studies
of military and police personnel examined whether format of training (virtual, live, or mixed)
95, or additional training (situational awareness training) 87 impacted CL and performance.
Two studies among pre-service teachers used mixed-methods approaches to assess the time
course and impact of CL during teacher training 60,96.

DISCUSSION
In this scoping review, we identified 116 studies that investigated CLT, CL, MWL, and/or ME
within simulated and actual workplaces among diverse professions. We performed our
review in the context of other reviews of CLT and its relevance to HPE. In 2010, van
Merriënboer and Sweller provided a focused review of CLT as a theory, and specific means to
optimize CL in HPE 1. In 2014 Young (an author on this study) and colleagues summarized
CLT tenets as applied broadly to medical education 3. In 2015, Fraser and colleagues
provided a review focused on designing simulation-based learning 11. In 2015 Naismith and
Cavalcanti performed a systematic review assessing CL measurement methods in
simulation-based medical education 12. Each of these reviews has provided invaluable
insights, on which our review builds and expands, in three important ways. First, we
employed a rigorous systematic literature search strategy, which was not reported in the
above reviews other than Naismith and Cavalcanti. This improves likelihood of maximally
identifying relevant studies. Second, we focused exclusively on workplace settings, both
simulated and actual, to develop practical recommendations for using CLT to inform
workplace-based learning. While the Fraser and Naismith reviews both addressed
simulation – which our review included – they were specifically focused on design and CL
measurement during simulations, whereas our review considers workplace-based learning
much more broadly. Third, our consideration of non-HPE workplace settings provided
additional evidence for the relevance of CLT to workplace learning.
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The 116 included studies provided information to address our three research questions. We
found that the large majority of studies supported the primary tenets of CLT, and but also
provided new theoretical considerations for CLT. The studies provided numerous practical
recommendations for workplace teaching, curricular design, and educational research,
some of which have been previously suggested by others, and some of which are new.
Studies outside of HPE provided additional evidence supporting relevance of CLT to
workplace learning and provided suggestions for future research. In this Discussion section,
we first will focus on two major issues in CLT: CL subtypes and measurement of CL. We will
then discuss theoretical considerations and implications for research more broadly. We will
conclude with practical implications for curricular design and direct teaching in HPE
workplaces.
Theoretical considerations and implications for research
Cognitive load subtypes
Theoretical discussion of CLT is enriched and made more practical when CL subtypes are
considered, yet studies infrequently measured (N=8 studies, 6.9%) or discussed (N=29
studies, 25.0%) intrinsic, extraneous, or germane load. Study designs frequently inferred
overall CL or MWL as primarily relating to intrinsic load, for which a traditional definition
(inherent difficulty of the required components of a learning task) was universally
supported. Accordingly, intrinsic load was typically positively associated with task
complexity and negatively associated with prior experience and performance. Of particular
relevance to HPE workplace learning was fatigue, which was associated with intrinsic load in
a few studies 28-30,40. Fatigue was also associated with extraneous load in one study 40.
Regardless of which type of CL fatigue primarily affects, these findings support efforts to
monitor and mitigate fatigue in HPE workplaces.
Overall, intrinsic load was largely studied in a descriptive manner, with few studies
attempting to modulate intrinsic load in workplace settings. This approach, coupled with
clear inverse links between CL and performance, and lack of measures of actual learning,
could tacitly promote an overly simplistic notion that lower intrinsic load is better for
learning. However, as the goal of CLT is to optimize, not minimize, intrinsic load, this
assertion lacks support from CLT, except perhaps among very novice learners (i.e., when the
whole task is too complex and overwhelming for learning to occur). If CLT is to better
inform workplace learning in HPE, it is imperative that future studies assess how to best
optimize intrinsic load in HPE workplaces, in particular, how to match intrinsic load to
learners’ prior experience and competence, as has been discussed in classroom settings 97,
so that levels of intrinsic load are neither too high (which may cause cognitive overload) nor
too low (in which case there may be “nothing to learn” which might induce boredom and
apathy toward learning). Such adaptive instruction has shown benefit for training
effectiveness in experimental non-workplace settings 98,99. Studies have further suggested
that, with training, students may themselves be able to select learning tasks appropriate for
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their zone of proximal development 100. Although potentially more challenging in workplace
settings, these two concepts may be adaptable for some HPE workplaces and tested as
means to optimize intrinsic load.
Studies also supported a traditional view of extraneous load (i.e., non-essential elements of
a learning setting requiring attention and mental effort). As shown in classroom-based
research, the design of tools and technology that learners interact with in workplaces were
found to contribute to extraneous load 65,67-71. One study also discussed the physical
environment as a source of extraneous load 39. Distractions, disruptions, and interruptions
were another common source of extraneous load studied 31-33,35,60. Additionally, contextual
factors, time pressure, and multi-tasking were found as contributing to extraneous load in
workplaces 63,76,77,101. One aspect of the physical environment not studied was music.
Music is commonly played in operating theaters and other HPE workplaces, and could
distract learners, or could block out other internal or external distractions thereby
augmenting attention and performance 102. Indeed, some studies have found that music
promotes performance in surgery among novices 103, while others identified negative
impact on learners’ performance 104. Notably, these studies did not address CL. This could
be an interesting area for future CLT research. Several studies sought to modulate
extraneous load in workplaces, and these were all met with success 70-74,78.
Since workplace environments are typically more difficult to control than classroom
settings, changes to minimize sources of extraneous load on learners may not always be
feasible. Furthermore, influences contributing to extraneous load are endemic in
workplaces in which learners will eventually work. This contributes to a contemporary
question related to CLT: can we, and should we, train learners to disregard, deprioritize,
and/or manage extraneous load during workplace training 105? Studies in university
students suggest that, with experience, students develop an ability to disregard irrelevant
information 106. Considering the above-noted prevalence of extraneous load in HPE
workplaces, it is possible that providing HPE learners with strategies to manage sources of
extraneous load early in training could reduce frequency of cognitive overload and provide
ongoing benefits by increasing resilience and potentially reducing risk of burnout 107, in
addition to freeing working memory space for activities promoting germane load.
Germane load remains the subject of some debate, specifically whether it is a unique
construct or best conceptualized as a part of intrinsic load. Few studies specifically
measured germane load; those that did more often supported germane load as a distinct
construct 40,49,108,109 than not 88. It is intuitive that learner effort and metacognitive skills will
promote learning and that these factors are distinct from the actual intrinsic learning task.
Importantly, activities contributing directly to germane load are under the control of the
learner, whereas factors contributing to intrinsic load are not 4. Additional emerging
evidence supports separate identities for intrinsic and germane load 110. The studies
included in this review do not answer the question of germane load’s “true identity,” which
remains a fruitful area for research and scholarly dialogue, and would be informed by more
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sophisticated methods for measuring CL subtypes. However, we assert that discussion
related to germane load should augment, and not interfere with, efforts to study best
practices for teaching and learning from the perspective of CLT.
Like all learning theories, CLT views learning through a specific lens. It focuses strongly on
consequences of the limitations of the cognitive architecture of the individual, in relation to
the learning task, for learning and performance. However, in complex HPE workplace
learning settings, the influence of the task may be difficult to disentangle from sociocultural
aspects of workplace learning environments, as compared with less complex laboratory or
classroom settings. The difficulty inherent in designing studies within complex workplaces
may explain, at least in part, why many studies we identified were experimental and
reductionist, and rarely examined an overall learning environment, clinical rotation, or
workplace curriculum. As such, studies did not clearly indicate whether focused attempts to
lower extraneous load or match intrinsic load to a learner’s prior experience within a
complex workplace setting would likely lead to linear increases in capacity for germane load
and learning. Simply reducing the complexity of a particular workplace task might expose
learners to information or tasks for which their learning schemas are not yet prepared. For
this reason, understanding how learners form schemas, and helping them to articulate their
schemas may be critical to promote accommodative learning 111, in which learners must
break down part of a learning schema to integrate new information. Because the workplace
is more fluid and is less controlled than the classroom, studying these processes is complex
but could be of significant benefit to inform CLT and workplace teaching. Such efforts might
benefit from integrating multiple theoretical frameworks.
Measuring cognitive load
Measurement or estimation of CL is a major challenge that may limit broader study of CLT in
education settings 112, particularly HPE. Multiple studies employed more than one method
to measure CL or MWL, and often demonstrated at least some agreement among
measurement methods. However, the broad heterogeneity of included studies prevents
drawing conclusions about any particular CL measurement technique as superior.
Measuring CL in (non-simulated) workplaces is particularly challenging, because
measurement methods must avoid significantly interfering with task performance. For this
reason, psychometric approaches are appealing, yet these tend to be performed as a
summative end-of-task measure and do not capture variation in CL throughout a task, which
was shown to vary across components of workplace tasks in several studies. Furthermore,
CL measures are most informative when they separately measure CL subtypes, which can
currently only be assessed using multi-item psychometric instruments that invariably disrupt
real-time workplace tasks. This suggests a need for unobtrusive methods, possibly
physiological, to continuously monitor CL and its subtypes. Some physiologic measures
(such as heart rate) can be measured unobtrusively, yet cannot differentiate between CL
subtypes. Physiologic measurements as we currently understand them do not afford this
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possibility, but as technology continues to advance, this should be an area of priority for
innovation. It is plausible that capabilities of wearable technology such as smart watches or
electroencephalography headsets 113-115 could one day be harnessed for this purpose. Until
such measures are available, one option is carefully crafted studies in which CL subtypes are
systematically manipulated and assessed in high-fidelity workplace simulations, followed by
assessment of performance in actual workplaces. Another potential approach would be
more nuanced studies (possibly with mixed methods) that systematically examine processes
and outcomes of learning within actual workplaces, and link when possible to CL. Such
studies might allow more direct conclusions to be drawn regarding CL and its subtypes in
HPE workplaces.
Related to measurement of CL is the need for recognizing cognitive overload among
learners. Numerous studies suggested that secondary task techniques may identify
overloaded learners. The need for hardware and constant monitoring may limit their utility
in some workplaces (as opposed to simulation), yet there may be some workplace tasks that
would lend themselves to periodic secondary task assessment. It is plausible that
experienced teachers could recognize when learners are overwhelmed, based on body
language and utterances; this has not been empirically studied, and would be an interesting
area for investigation. Likewise, training learners to recognize and act upon their own
cognitive overload could be empowering.
Narrowing and broadening the scope of CLT research in HPE workplaces
Despite the broad variety of studies identified through our search, the vast majority were
very narrowly focused on specific learning settings, most often simulated and experimental
settings. Many of these studies used CLT or the concept of MWL to address a specific
teaching question, whereas very few were designed to query CLT and or advance the
theory.
As the tenets of CLT are generally agreed-upon and broadly supported by research –
questions about germane load notwithstanding 4,7 – we propose it is time to broaden the
scope of CLT research in the workplace and to address more sophisticated and actionable
gaps in the literature such as those highlighted in Box 1. We note that the ability to address
these topics may be enhanced by considering impact of other learning frameworks and the
complexity of HPE workplace settings.
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Box 1. Gaps in the existing literature identified by our review.

•

What workplace factors contribute to the different types of CL?

•

How might very high or very low levels of CL impact workplace learning?

•

How do emotion and mindset impact CL in HPE workplaces?

•

How can workplace curricula optimize intrinsic load, minimize extraneous load,
and optimize germane load among diverse groups of learners with differing levels
of prior knowledge and experience?

•

How might Interprofessional work affect CL in HPE workplaces?

•

How can teachers identify and act upon cognitive overload in their workplace
learners?

•

How can learners identify and act upon their own cognitive overload?

•

How does cognitive overload impact learner stress and burnout?

With increasing emphasis on competency-based medical education 116 and burgeoning
interest in variable duration training 117, it is increasingly imperative that learning among
HPE trainees is optimized, particularly in settings simulating or authentically representing
the workplaces in which they will eventually work (once adequate expertise has been
attained). We chose CLT as the theoretical framework through which to perform our
scoping review, because we found CLT to be highly relevant to such workplace settings, as it
provides a practical and pragmatic approach through which to consider design of individual
learning sessions and to some extent overall curricula. However, CLT remains a theory
specifically focused on certain (not all) cognitive aspects of learning, and study designs were
largely limited to narrowly defined experimental settings, short-term outcomes, and lacking
clear evidence for transfer to more authentic workplace settings. Additionally, few studies
mentioned learning theories or frameworks apart from CLT. Our review and synthesis of
included studies suggests that HPE workplace research might benefit from studies
integrating CLT with other cognitive (e.g., encapsulation theory) and “non-cognitive” (e.g.,
sociocultural learning, motivation) theories of workplace learning 118. We suspect that
perspectives offered by different theories could more fully capture the complexity of HPE
workplace learning.
The studies in our review also provide guidance as to several questions that do not require
further study. Links between intrinsic load (or overall CL or MWL) and prior experience, task
complexity, and immediate performance are incontrovertible. It is evident that CL is lower,
and performance higher, among more versus less knowledgeable learners, in lower versus
higher complexity simulations, and in simulated tasks compared with actual workplace
tasks. It is also clear that novice or early learners should start with tasks of lower
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complexity, lower fidelity, and less authenticity (to reduce risk of cognitive overload from
very high intrinsic load), and that workplace learning curricular should take into account the
individual learner’s prior experience and current competence (and ideally match intrinsic
load to the level of the learner).
Further descriptive study of the forgoing relationships is unlikely to move the field forward.
We propose that these be considered as established truth without need for ongoing
investigation. However, though these relationships need not be studied descriptively and
retrospectively, they should certainly be used to inform innovations that could be
developed and tested prospectively. In other words, these findings should be translated
into actual practice. For example, using the established relationship between these to
create an adaptive sequence of training tasks, as has been attempted in classroom settings
98,119, could be of immense benefit to workplace training in HPE settings.
Non-HPE studies
We included studies from professions outside of healthcare to inform and enrich our study
findings and implications. A primary finding was that, despite teaching cultures and practice
settings that may differ markedly from the health professions, theoretical findings from HPE
and non-HPE studies were well aligned. This provides additional evidence supporting the
relevance of CLT to professional workplace education. We also found intuitive connections
between certain professions within and outside the health professions. For example, the
non-HPE profession of pilot appeared analogous to procedural fields within the health
professions, such as surgery, whereas more cognitive fields outside the health professions,
such as air traffic control 115 and nuclear power point operation 45, seemed relevant to
cognitive medical fields in which large volumes of information are exchanged at high rates
(e.g., pharmacy or critical care nursing). Finally, the two studies among pre-service teachers
60,96 provided insights into processes likely experienced among health professionals as they
learn to become health professions educators.
Practical recommendations for workplace teaching and curricular design
CLT provides guidance for how cognitive activities of the working memory should be
allocated. For example, to optimize germane load (or manage intrinsic load), learners should
be given learning tasks of appropriate complexity (i.e., match intrinsic load to the level of
the learner) with instructions, teaching, and a learning environment conducive to learning
with minimal distractions (i.e., minimize extraneous load). Because HPE workplaces involve
care for real patients, these goals may be more difficult to accomplish in workplaces as
compared with classroom settings. These challenges inspired this review, and the studies
we identified provide insight into pedagogical approaches to managing CL in HPE
workplaces. Notably, though most studies in our review did not specifically measure or in
many cases mention subtypes of CL, the somewhat reductionist designs of many studies
permitted extrapolation as to the type of CL being modified. Based on our synthesis of the
literature, and our experiences with CLT and workplace learning, we developed several ‘best
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practices’ (development process is detailed in Methods section). Through our synthesis, we
decided to categorize these best practices and practical recommendations into those
related to Curricular Design, Direct Teaching, Learning Environment, and Metacognition in
Table 3. Evidence from included studies is provided when relevant. While some of these
recommendations were supported in prior reviews of CLT 1,3 we discuss them here as they
impact workplace learning in HPE.
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Table 3. Practical suggestions for ‘best practices’ to optimize cognitive load in health professions
workplaces resulting from this review.
Best practices

Evidence

Practical suggestions

Curricular Design
Ensure overall CL or intrinsic
load of individual learning
settings are not too high

Performance negatively
associated with intrinsic load
and overall CL in numerous
studies, implying reduced
learning when these are too
high

•

120

•

Minimize task
complexity when
introducing new
technologies or
methods by providing
time, develop a
stepwise process

•

Monitor learners’
competence to know
when to increase
complexity

•

Scaffold and sequence
curriculum to gradually
increase complexity
over time

•

Use 4C/ID approach to
design individual
teaching sessions 121

•

Systematically assign
patients based on
competence 46

•

As above

If intrinsic or overall CL is too
high, space for activities
contributing to germane load
will be limited

Ensure overall CL or intrinsic
load of individual learning
settings are not too low

Higher complexity tasks
associated with higher
intrinsic and higher germane
load among more advanced
learners 49

Minimize task
complexity for early
learners (e.g., partial
task, worked examples)

No studies specifically
investigated cases in which
intrinsic load might be too
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low, but this could plausibly
occur, inducing expertise
reversal effect 25
Use simulation for early
learners, especially when
actual tasks involve
potential for patient risk
and/or have significant
element interactivity

Simulation enables control
over complexity and
deliberate practice 122, which
should enhance learning

•

For procedural skills,
build basic skills with
simulator, then when
competence
demonstrated, begin to
work with real patients
(see: Learn, See,
Practice, Prove, Do,
Maintain approach 123)

•

For cognitive skills, start
with simple paper-based
cases and then increase
complexity of simulation
before working with real
patients

•

Monitor lag between
training and actual use
of skills; may need to
plan for practice to bring
skills back up to prior
level of training

•

Use cognitive task
analysis to identify
complex areas 27,66

•

Orient learners to whole
task but allow part task
practice until able to
accomplish entire task,
i.e., 4C/ID 121

Lower complexity simulation
associated with lower CL and
better performance (proxy for
learning) among novice
learners 16,39,48
Studies did not compare
simulation with actual patient
care

Appraise all aspects of
workplaces and associated
tasks to identify areas with
high potential for cognitive
overload

Specific portions of workplace
tasks were associated with
different levels of CL 60-66

Standardize common tasks,
providing supports when
needed

Checklists and diagnostic aids
reduced CL and improved
performance 72-74

•

Use checklists or
standard protocols for
common, complex, highrisk activities such as
patient hand-offs

Design curricula to support
workplace learning that

No curricular studies were
identified, but indirectly

•

Consider how workplace
rotation schedule and
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scaffold tasks, gradually
increasing complexity and
reducing support

supported by studies noted
earlier in this table, and
commentaries suggest benefit

didactic teaching can be
used to scaffold learning
for critical tasks 120

124

Facilitate mixed or random
practice over block practice

Lower CL and better
performance with mixed or
random practice compared
with block practice 21,85

•

Integrate skills sessions
throughout a curriculum
that involve a mixed or
random set of cases or
diagnoses

Greater teacher engagement
associated with higher
germane load and lower
extraneous load 40

•

Regularly evaluate
teachers’ performance
and provide
constructive feedback

Tangential conversations
associated with higher CL,
lower performance 33

•

Provide faculty
development for
teaching engagement
techniques, including
minimizing tangential
conversations which
may not over-tax
experts but can
overload less
experienced trainees

•

Minimize competing
duties and distractions
for clinical faculty when
they are working with
learners in the
workplace

Direct Teaching
Teacher should remain
engaged with learning,
limiting tangential
conversations

Teach teachers to monitor
for cognitive overload in
learners

Although no studies
addressed this, teachers are in
unique position to observe
learners’ behavior for cues
suggestive of cognitive
overload

•

Observe learners’ body
language and utterances
for hints of cognitive
overload and adjust
teaching and level of
support accordingly

Attend to learner emotion,
especially in crisis situations

Negative emotions negatively
affected learning 36,38

•

Debrief after crisis
situations

Crisis situations were
associated with higher levels

•

Provide faculty
development to help
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of CL and lower performance
38,90-92
; debriefing may help 92

faculty recognize learner
emotions and to
manage crisis situations
and debriefing
•

When learners display
external evidence of
negative emotions,
discuss with them and
facilitate reflection,
providing supportive
services when needed

•

Critically evaluate tools
learners use in clinical
settings, optimizing or
changing products and
interfaces when needed

•

Thoroughly orient
learners to best uses of
technology in the
workplace – mixed
approaches may be
most beneficial 95

•

Seek learner input for
modifiable electronic
health record-related
tools such as note
templates, order sets,
and boilerplate phrases

•

Critically evaluate
workspace and
workflow, considering
aspects that can be
improved to reduce
distractions and other
sources of extraneous
load

Learning Environment
Leverage graphical displays
and technology to reduce
extraneous load

Graphical representations of
complex data were associated
with lower CL and better
performance 67-69
Well-designed electronic
interfaces (e.g., order sets)
were associated with lower CL
and better performance 70,71
Consistent with Cognitive
Theory of Multimedia
Learning 125

Monitor learning
environments for
complexity, distractions, and
contextual factors that may
induce cognitive overload

More complex simulated
environments increased
extraneous load and
decreased performance in
novices 39
Contextual factors increased
cognitive load and reduced
performance, even in
experienced physicians 75
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Engineer workplace
environments to minimize
distractions and redundancy

Re-engineered workplace
reduced disruptions, lowered
CL, and increased satisfaction

•

Ask learners what
challenges they face in
the physical work
environment

•

Involve learners in
environment change,
possibly as quality
improvement effort

•

Proactively identify
learning settings in
which fatigue is
common

•

Adjust tasks, schedules
and support to mitigate
effects of fatigue on CL
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Monitor for, and mitigate,
learner fatigue

Fatigue was positively
associated with extraneous
load and overall CL 28,29,40

Metacognition
Help learners know where
to direct their limited
working memory resources

Specific portions of workplace
tasks were associated with
different levels of CL 60-66

•

Deconstruct whole tasks
into partial tasks, i.e.,
4C/ID 121, and prepare
learners for those that
are likely to be most
cognitively demanding

Teach learners to manage
distractions

Distractions were present in
workplace settings 32,35,82

•

Teach learners that
distractions are
commonly present in
HPE workplaces

•

Deconstruct with
learners typical
distractions in the
workplace

•

Simulate distractions
and teach skills that help
learners manage
distractions

•

Teach learners about CL
and provide them
language to

Teach learners to monitor
their level of CL and

Learners may be able to
recognize when they are
cognitively overloaded 60
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communicate feelings of
cognitive overload

Teach learners to use metacognitive techniques to
enhance learning

communicate feelings of
overload

Metacognition was not
explicitly studied, but benefits
are inferred by tenets of CLT

•

Simulate or role-play
learners telling their
supervisor they feel
cognitively overloaded

•

Provide faculty
development so that
teachers can respond to
learners’ cognitive
overload

•

Teach learners how to
use metacognitive
techniques such as selfexplanation and
monitoring and
confirming
understanding.

Limitations
We used a scoping methodology 14 for this review to address our research questions and
accomplish our overall goal of mapping the literature describing study of CLT in professional
workplace learning. Although a scoping review was the most appropriate methodology to
accomplish our aims, the scoping approach has limitations, particularly lack of study quality
assessment. Given the large number of fairly heterogeneous and largely descriptive studies,
as well as overall consistency of findings related to CLT, we think it unlikely that formal study
quality assessment would have substantively impacted our synthesis. However, we remind
readers to consider the best practices detailed above as well as other claims in this review in
the context the scoping review methodology and its lack of study quality assessment.
Characteristics of our literature search could have reduced likelihood of identifying
particular studies, and it is possible that our search failed to identify some studies that could
have been relevant. Such limitations are inherent in any review, and we believe that
inclusion of numerous databases, use of broad search terms, and inclusion of all search
dates and languages should have minimized missed studies. Publication bias (i.e., studies
with positive results might be more likely published than “negative” studies) could have
impacted studies we identified and our resultant synthesis. Such studies might be more
likely published as abstracts only, and some databases we searched do include conference
abstracts.
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We attempted to quantify degree of theory integration using an adapted version of
Kumasi’s theory integration scale 24, but this proved challenging for the large number of
studies that included a measure of MWL but did not mention or cite CLT. Many of these
studies included only a single reference supporting the method for MWL measurement, or
no relevant citations at all. This might suggest a low level of theory integration, and yet, the
integration of the construct of MWL throughout a study, including measurement, might
imply a high level of theory integration. This caused numerous coding differences amongst
coders that could not be systematically reconciled despite multiple discussions. Despite the
lack of quantitative data describing theory integration, we are comfortable making the
overall statement that CLT, and the constructs of CL, ME, and MWL were integrated at a
high level in the majority of studies. Future researchers should consider how to objectively
determine the degree of CLT integration in HPE research, and whether quantification
provides practical benefits.
SUMMARY
In this scoping review, we found strong support for established tenets of CLT, new
information to be further studied, and guidance for applying CLT in HPE workplaces in the
future. Issues related to measurement of CL remain and must be further investigated. We
argue that CLT is highly applicable to HPE workplaces, yet it cannot fully explain the
complexity of HPE workplaces. We propose that future research of CL in HPE workplaces
would benefit from integration of additional learning theories and frameworks to further
disentangle some of the sources of complexity inherent to authentic workplace settings.
PRACTICE POINTS
•

Studies of cognitive load in health and non-health professional workplace settings
support relevance of cognitive load theory to workplace education and provide practical
implications for ways to design workplace curricula, teach within the workplace, and
organize workplace environments to optimize learners’ cognitive load.

•

Very high levels of cognitive load negatively impact health professions trainees’
performance (and likely learning as well) in workplace settings. Novice learners and
complex tasks and settings particularly predispose to high levels of cognitive load.

•

Aspects of workplace environments contribute to extraneous load, and can negatively
impact capacity for engaging in activities that promote germane load and learning.

•

Measuring cognitive load, particularly cognitive load subtypes, remains a primary
challenge to fully understanding implications of cognitive load theory for health
professions education workplaces.

•

Utility of cognitive load theory for workplace learning may be enhanced by considering it
within the context of other learning theories and frameworks.
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SUPPLEMENTAL MATERIAL FOR CHAPTER 4
Supplemental table A. Databases and search terms.
Database
PubMed

PsycINFO
ERIC
CINAHL
Scopus

Web of Science
IEEE Xplore
Digital Library
Google Scholar

Search Terms
("cognitive load" OR "cognitive load theory" OR “mental effort” OR “mental
load” OR “human channel capacity” OR “mental workload”) AND (“education,
professional” OR “professional education” OR education [sh] OR educat* OR
training OR trainee* OR students [mesh] OR student* OR learner*)
("cognitive load" OR "cognitive load theory" OR “mental effort” OR “mental
load” OR “human channel capacity” OR “mental workload”) AND (educat* OR
education OR training OR trainee* OR student* OR learner*) in ANYWHERE
("cognitive load" OR "cognitive load theory" OR “mental effort” OR “mental
load” OR “human channel capacity” OR “mental workload”) AND (educat* OR
education OR training OR trainee* OR student* OR learner*) in ANYWHERE
("cognitive load" OR "cognitive load theory" OR “mental effort” OR “mental
load” OR “human channel capacity” OR “mental workload”) AND (educat* OR
education OR training OR trainee* OR student* OR learner*)
("cognitive load" OR "cognitive load theory" OR “mental effort” OR “mental
load” OR “human channel capacity” OR “mental workload”) AND (educat* OR
education OR training OR trainee* OR student* OR learner*) in Article, Title,
Abstract, Keywords
("cognitive load" OR "cognitive load theory" OR “mental effort” OR “mental
load” OR “human channel capacity” OR “mental workload”) AND (educat* OR
education OR training OR trainee* OR student* OR learner*) in TOPIC
("cognitive load" OR "cognitive load theory" OR “mental effort” OR “mental
load” OR “human channel capacity” OR “mental workload”) AND (educat* OR
education OR training OR trainee* OR student* OR learner*)
allintitle: ("cognitive load" OR "cognitive load theory" OR "mental effort" OR
"mental load" OR "human channel capacity" OR "mental workload") AND
(education OR training OR trainee)
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Supplemental material – Data extraction form.
What is the article ID number? _______________
Who are you?
o JLS
o LAM
o JQY
o TvG
o OtC
o PSO’S
What is the first author's last name? _______________
In what year was the study published? _______________
In which continent(s) was study performed (select all that apply)?
Africa
Asia
Australia
Europe
North America
South America
In which countries was the study performed? _______________
Were study subjects health professions education (HPE) learners, or non-HPE learners?
o HPE
o Non-HPE
[If HPE learners]: What profession(s) was/were studied (select all that apply)?
Medicine
Nursing
Pharmacy
Dentistry
Physical, occupational, or speech therapy
Veterinary
Other (specify) _______________
[If non-HPE learners] What profession(s) was/were studied? _______________
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What level(s) of learners were studied (select all that apply)?
Pre-professional (i.e., undergraduate)
Professional (e.g., medical school)
Post-graduate training
Practicing professionals (i.e., continuing education)
Other (specify) _______________
Can't tell
What was the overall sample size (or note if unclear)? _______________
What was the unit of analysis (if relevant)? _______________
Was/were the primary study aim(s)/purpose(s)?
o Clearly stated
o Implied but not clearly stated
o Could not determine primary study aim
[If could determine study aim] What was/were the primary study aim(s)/purpose(s)?
_______________
What is the study setting?
o Workplace
o Simulation - primarily cognitive
o Simulation - primarily psychomotor
o Simulation - combined cognitive and psychomotor
o Other (specify) _______________
What specific activity was studied? _______________
What was the primary study methodology?
o Quantitative
o Qualitative
o Mixed methods
o Experimental
o Other (specify) _______________
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[If Qualitative] What was the specific qualitative study design? (Use what author says; add
notes in “Other” if questions or disagree with authors).
o Case study
o Discourse analysis
o Ethnography
o Grounded theory
o Phenomenology
o Thematic analysis
o Other (specify) _______________
[If Quantitative] What was the specific quantitative study design? Select all that apply.
(Use what author says; add notes in “Other” if questions or disagree with authors).
Descriptive
Inferential (including psychometrics)
Retrospective
Prospective
Other (specify) _______________
[If Experimental] What was the specific experimental study design? Select all that apply.
(Use what author says; add notes in “Other” if questions or disagree with authors).
Randomized controlled trial
Pre-test / Post-test
Single group, no comparison
Single group, repeated measures
Other (specify) _______________
What were sources for data (select all that apply)?
Surveys (quantitative)
Surveys (open ended questions)
Objective observations/tests
Interviews
Focus groups
Documents/artifacts
Observations with field notes
Written texts (narratives, reflections)
Other (specify) _______________
Which of the following are mentioned (select all that apply)? Consider searching in PDF
with Ctrl-F.
Cognitive load
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Intrinsic load
Extraneous load
Germane load
Mental effort
Mental workload
Was CLT or mental effort or mental workload measured?
o Yes
o No
[If CLT or mental workload was measured] What aspects of cognitive load were measured
(select all that apply)? What was the purpose for measurement (i.e., study outcome,
covariate, etc.)?
Overall cognitive load, mental effort, or mental workload
Subtypes of cognitive load (i.e., intrinsic, extraneous, or germane load)
Other (specify) _______________
[If CLT or mental workload was measured] What methods were used to measure cognitive
load (select all that apply and specify as needed)?
Psychometric single item (Paas)
Psychometric single item (other)
Psychometric multi-item
Response time to secondary task
Physiologic measures (specify which ones) _______________
Other (specify) _______________
How was CLT integrated into the study (based on Kumasi categorization)? (Enter notes
afterward if appropriate.)
o Theory dropping (superficial mention of CLT without citations to primary literature)
o Theory positioning (limited discussion of CLT with citations to primary work)
o Theory diversification (CLT and other theories discussed but relevance to study not
well-articulated)
o Theory conversation (CLT discussed in detail and relevance to study is evident, but
CLT not integrated into the study design)
o Theory application (employs CLT throughout to inform research design and data
analysis)
o Theory testing/verification (study designed specifically to test tenets of CLT)
o Theory generation (seeks to alter or modify CLT)
o No Other/unsure (specify)
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Were primary study outcomes stated? If yes, specify what they were.
o Yes _______________
o No
o Unclear
Was learning and/or performance measured?
o Yes
o No
o Unsure
[If learning and/or performance was measured] How was learning and/or performance
measured? _______________
Summarize the primary study findings. _______________
What are primary implications for workplace instruction & learning? _______________
What are primary theoretical implications for CLT? Are findings consistent with, or
contradictory to, primary tenets of CLT? _______________
If there were prominent theoretical frames other than CLT, please specify which ones.
_______________
If there are any reference list that should be pulled for review please list them here.
_______________
Is this article a potential candidate for discussion as an exemplar?
o Yes (explain why) _______________
o No
Should this article be excluded from the review?
o Yes (explain why) _______________
o No
If you have any additional comments or notes about this study, please specify here.
_______________
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Supplemental table B. Included studies.
Author and
year

Andersen
20151

Andersen
20162

Andersen
20163

Andrade
20124

Arico 20165

Location(s)

Denmark

Denmark

Study
methodology

Participantsa

Activity,
Simulation or
Workplace

Data sources

Quantitative,
experimental

40 “novice” medical
students

Mastoidectomy
surgery,
Simulation

Objective
observations
or tests

Quantitative,
experimental

40
otorhinolaryngology
residents

Mastoidectomy
surgery,
Simulation

Objective
observations
or tests

CL
measurement
technique(s)b

CLT-related study
aim(s)b

Major finding(s) related
to CLTb

Visual
secondary task

To compare CL during
virtual reality simulated
mastoidectomy training
using distributed versus
massed practice

Reaction time was lower
among those learning
mastoidectomy using a
distributed versus
massed practice
approach

Visual
secondary task

Denmark

Quantitative,
experimental

36 medical students

Mastoidectomy
surgery,
Simulation

Objective
observations
or tests

Visual
secondary task

United
States

Quantitative,
nonexperimental

10 “senior” medical
students, 10
internal medicine
residents, 10
geriatric fellows

Geriatric home
safety
assessment,
Simulation

Quantitative
surveys,
Interviews

NASA-TLX

Air traffic
management,
Simulation

Quantitative
surveys,
Objective
observations
or tests

France, Italy

Quantitative,
experimental

12 air traffic control
students

NASA-TLX, EEG

To compare CL during
mastoidectomy training
using in traditional
dissection versus virtual
reality simulation
To compare retention of
mastoidectomy skills
after virtual reality
mastoidectomy training
in distributed versus
massed practice groups
and to investigate CL
during retention
procedures
To determine whether
CL was associated with
performance when
learning from a 3D
geriatric home safety
simulation
To determine whether
adjusting task
complexity via adaptive
automation would
impact CL or
performance during

Reaction time higher in
cadaveric than in
simulated
mastoidectomy
No difference in reaction
time when performing
mastoidectomy at
transfer after learning
from massed versus
distributed practice

CL not associated with
performance when
measured concurrently
Adaptive automation
was associated with
shorter reaction time
and better performance,
but subjective CL did not
differ
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simulated air traffic
management

Attrill 20166

Avansino
20127

Bertram
19908

Bertram
19929
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Australia

United
States

United
States

United
States

Qualitative

Quantitative,
experimental

Quantitative,
nonexperimental

Quantitative,
nonexperimental

20 speech language
pathology clinical
supervisors

3 surgical residents,
3 surgical fellows, 1
surgical attending

39 internal
medicine residents,
9 internal medicine
attendings

22 internal
medicine residents

Speech pathology,
Workplace

Computerized
provider order
entry, Simulation

Ambulatory
patient care,
Workplace

Ambulatory
patient care,
Workplace

Focus groups

Quantitative
surveys,
Documents/
artifacts

Quantitative
surveys

Quantitative
surveys

CL not
measured

NASA-TLX

Investigatordeveloped
multi-item
instrument

Investigatordeveloped
multi-item
instrument

To qualitatively evaluate
the experience of
supervisors in teaching
international students
To compare CL
associated with using a
systematically designed
order set compared with
existing ad hoc order set
for simulated entering of
post-operative patient
orders
To develop an
instrument to measure
CL of physicians working
in an internal medicine
ambulatory setting, and
to identify factors
associated with CL
To assess reliability and
validity of adapted
version of previously
developed instrument
(Bertram 1990) to
measure CL in
ambulatory internal
medicine setting, and to
identify factors
associated with CL

Teachers felt that
international students
had overall higher CL
than non-international
students, particularly
related to language
issues
Systematically designed
order set was easier to
use, was associated with
lower CL and better
performance
CL positively associated
with number of patients
seen and fatigue; CL
negatively associated
with self-rated quality of
care and satisfaction
with care provided
CL positively associated
with fatigue; CL
negatively associated
with level of experience,
self-rated quality of care
provided, and facultyrated quality of care
provided

Bharathan
201310

Blissett
201711

Boet 201712

Britt 201513

United
Kingdom

Canada

Canada

United
States

Quantitative,
nonexperimental

Quantitative,
experimental

Quantitative,
experimental

Quantitative,
experimental

25 gynecology
residents, 9
gynecology
attendings

86 internal
medicine residents

Laparoscopic
gynecologic
surgery,
Simulation

Cardiac
auscultation,
Simulation

Objective
observations
or tests

Quantitative
surveys,
Objective
observations
or tests

20 surgical
residents

Post-operative
crisis
management,
Simulation

Objective
observations
or tests

14 surgical assistant
students

Laparoscopic
intracorporeal
suturing,
Simulation

Quantitative
surveys,
Objective
observations
or tests

NASA-TLX,
Subjective
Mental Effort
Questionnaire

To evaluate construct
validity for a
laparoscopic surgical
simulator, to evaluate
effectiveness as a
training tool, and to
examine factors
associate with CL

Paas’
Subjective
Rating of
Mental Effort
single item
scale

To compare how
terminally versus
branching diagnostic
schemas impacted
performance and CL
during simulated cardiac
auscultation

Vibrotactile
secondary task

NASA-TLX,
Visual
secondary task

To examine whether
debriefing after an initial
post-operative crisis
simulation impacts CL
during subsequent
simulated postoperative crisis
situations
To determine whether a
new spatial secondary
task (“ball-and-tunnel”
signal detection task)
would identify
differences in CL when
performing cadaveric
versus simulated
suturing

CL was higher for more
complex/difficult
procedures; Experience
positively associated
with performance
Terminally branching
diagnostic schemas
(which should require
less CL) were associated
with lower CL, fewer
errors, and greater
diagnostic accuracy than
hybrid diagnostic
schemas
Debriefing after an initial
crisis scenario was
associated with lower
reaction time in a
second scenario,
compared with a control
setting without
debriefing
Secondary task
performance lower and
CL higher during
cadaveric versus
simulated laparoscopic
suturing
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Broyles
201114

Byrne
199815

Byrne
201316

United
States

Mixed
methods,
experimental

United
Kingdom

Quantitative,
nonexperimental

United
Kingdom

Quantitative,
nonexperimental

27 career and
technical education
pre-service teachers

Teaching,
Workplace

Objective
observations
or tests, Focus
groups

10 anesthesiology
residents

Critical anesthesia
incident
management,
Simulation

Objective
observations
or tests

20 anesthesiology
residents and
attendings

Administering
anesthesia,
Workplace

Objective
observations
or tests

CL not
measured

To determine whether
degree of CL impacted
pre-service teachers’
ability to engage in
reflection

CL not
measured

To examine whether
critical incidents during
simulated anesthesia
negatively impacted
accuracy of charting

Vibrotactile
secondary task

To characterize interand intra-person
variation in CL during
actual administration of
anesthesia

Cao 200717

United
States

Quantitative,
experimental

24 surgical
residents, 6 surgical
fellows

Surgical ball
transfer task,
Simulation

Objective
observations
or tests

CL not
measured

To determine whether
adding haptic feedback
during simulated
surgical tasks mitigated
performance decline
associated with
cognitively loading
subjects

Chen
201518

Canada

Quantitative,
experimental

60 “senior-level”
nursing students

Cardiac and
pulmonary

Objective
observations
or tests

CL not
measured

To compare impact of
low- versus high-fidelity
instructional techniques
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Higher CL state
interfered with ability to
engage in reflection
Accuracy of anesthesia
charting was lower
during periods of higher
CL (simulated patient
becomes critically ill),
but inaccuracies varied
depending on nature of
critical incident (e.g.,
during pulmonary crisis,
carbon dioxide level
charted more accurately
than heart rate)
Greater variation in
reaction time within
subjects than between
subjects
Cognitive loading
reduced speed, but not
accuracy, on surgical ball
transfer task; Adding
haptic feedback
improved speed and
accuracy when
cognitively loaded; More
experienced surgeons
were faster and more
accurate
Lower fidelity simulation
associated with better
performance and recall

auscultation,
Simulation

Chen
201519

Chowriappa
201520

Chui 201421

Canada

United
Kingdom,
United
States

United
States

Quantitative,
experimental

Quantitative,
experimental

Qualitative

77 “senior-level”
nursing students

22 surgical
residents, 30
surgical fellows

8 practicing
pharmacists

Cardiac and
pulmonary
auscultation,
Simulation

Robotic surgery
tasks, Simulation

Pharmacy
handoffs,
Simulation

on performance during
simulated cardiac and
pulmonary auscultation

Objective
observations
or tests

Quantitative
surveys,
Objective
observations
or tests

Interviews

CL not
measured

NASA-TLX

CL not
measured

To determine whether
adjustments intended to
impact intrinsic,
extraneous, and
germane cognitive load
had any impact during
simulated cardiac and
pulmonary auscultation

To determine whether
an augmented-realitybased training (“Handson Surgical Training”) for
simulated robotic
assisted surgery
impacted CL and
performance compared
with control condition
To describe and
characterize
“information hazards”
present during
pharmacy handovers,
including whether these

than high-fidelity
simulation; Both
simulations associated
with better performance
than control group
Less complex task (lower
intrinsic load) associated
with better
performance; Mixed
(versus blocked)
teaching associated with
better performance
(implying greater
germane load); Authors
also concluded that
multiple versus single
representations of heart
sounds did not impact
extraneous load

Intervention group
performed better and
had lower CL compared
with control group

“Information hazards”
present during
pharmacy handovers
included those related
to CL: information
overload (i.e., intrinsic
load) and information
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hazards were related to
types of CL

Crosby
197922

Cummings
200923

Dahlstrom
200924

Dankbaar
201625
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United
States

United
States

Sweden

Netherlands

Quantitative,
experimental

Experiment 1: 12
student pilots, 12
pilot instructors
Experiment 2: 11
student pilots

Quantitative,
experimental

31 student,
recreational, and
professional pilots

Quantitative,
experimental

Quantitative,
experimental

11 student pilots, 8
pilot instructors

79 4th-year medical
students

Visual
secondary task

To determine whether
differences in CL in
single- versus dual-task
conditions were
impacted by student
versus instructor status
during simulated flight

Quantitative
surveys,
Objective
observations
or tests

NASA-TLX

To determine whether a
heads-up informational
display impacted
performance and CL
during simulated flight

Objective
observations
or tests

Single item
subjective
rating of CL,
Heart rate
variability, Eye
movement

To determine whether
CL differed in simulated
versus actual flight, and
in particular flight
segments

Investigatordeveloped
multi-item
instrument

To compare intrinsic and
germane load
experienced by medical
students during
simulated emergency
medical care when
instructional groups
offered differing levels

Flight, Simulation

Objective
observations
or tests

Flight, Simulation

Flight, Simulation
and Workplace

Emergency
medical care,
Simulation

Quantitative
surveys,
Objective
observations
or tests

scatter (i.e., extraneous
load)
Differences in response
time in single- versus
dual-task condition were
greater for students
than for instructors;
Instructors performed
better than students;
Later-phase students
performed similar to
instructors
No difference in CL or
performance when using
heads-up informational
display during simulated
flight
Neither subjective CL
nor overall heart rate
variability differed in in
simulated compared
with actual flight; Heart
rate variability lower for
some flight segments,
suggesting different
degree of CL was
required
Comparing control
group (e-module only)
with two intervention
groups (e-module with
low fidelity text-based
simulations, e-module
with high-fidelity
simulation game):
intrinsic load of e-

of fidelity and
complexity

Davis
200926

de Man
201427

UK

Netherlands

Quantitative,
nonexperimental

Quantitative,
experimental

DiStasi
201728

Spain

Quantitative,
experimental

Doig 201129

United
States

Quantitative,
experimental

10 anesthesiology
residents

Anesthesia crisis
management,
Simulation

Objective
observations
or tests

17 anesthesiology
residents, 10
anesthesiology
attendings

Administering
anesthesia,
Simulation

Quantitative
surveys,
Objective
observations
or tests

8 surgical residents,
8 surgical
attendings

15 nursing students,
15 critical care
nurses

Vibrotactile
secondary task

NASA-TLX

To pilot the use of a
“new secondary task
measure of CL”
(vibrotactile device) in
simulated anesthesia
crisis management
To determine whether
an “alarm-rich”
simulated anesthesia
environment would be
associated with higher
CL and reduced
performance (time to
detection of adverse
events)

Laparoscopic
tasks, Simulation

Quantitative
surveys,
Objective
observations
or tests

NASA-TLX,
Gaze entropy
and velocity

To compare cognitive
demand of single- versus
multi-site simulated
laparoscopic surgery

Arterial blood gas
interpretation,
Simulation

Quantitative
surveys,
Objective

NASA-TLX

To create and test a
computer-aided tool to
improve performance

module was lowest of
any element; game
group had higher
intrinsic load, germane
load, and engagement;
Performance on skills
assessment was same
among three groups
During crisis portion of
anesthesia simulation,
response time increased
and then went back to
baseline

No difference in CL
performance in alarmfree and alarm-rich
simulations

CL (as measured by both
gaze entropy and NASATLX) was greater with
single- compared with
multi-port approach; CL
as measured by NASATLX was higher among
residents compared with
attendings
Accuracy and
performance were
better using tool
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observations
or tests

Dominessy
199130

Donato
201431

Durning
201232
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United
States

Quantitative,
experimental

16 helicopter pilots

United
States

Quantitative,
experimental

26 residents and 57
practicing
physicians (all noncardiologists)

Netherlands,
United
States

Mixed
methods,
nonexperimental

25 attending
internists

and reduce CL
associated during
simulated arterial blood
gas interpretation

Reaction time
to visual
instructions,
NASA-TLX

Helicopter flight,
Simulation

Objective
observations
or tests

Cardiac
auscultation,
Simulation

Quantitative
surveys,
Objective
observations
or tests

CL not
measured

Clinical reasoning,
Simulation

Quantitative
surveys,
Surveys (openended
questions),
Interviews

Utterances
and pauses
were used to
infer CL

To compare CL during
simulated helicopter
flight when tactical
information was
presented in three
formats: text, graphic,
and numeric, and to
determine whether
performing an additional
task (target acquisition
search) impacted
performance and CL
To compare CL and
performance in
simulated cardiac
auscultation for groups
trained with a “lower
CL” self-study group or a
“higher CL” multimedia
lecture group
To assess how
contextual factors
anticipated to increase
CL (non-English-speaking
patient, emotionally
volatile patient,
diagnostic suggestion,
atypical presentation)
impact clinical reasoning
performance

compared with control
group; CL was lower
using the tool among
nursing students, but
not among practicing
nurses

CL was highest for text
and lowest for graphic;
Secondary task reduced
performance and
increased CL

Participants in the
“lower CL” self-study
group improved more
than the “higher CL”
multimedia lecture
group

Contextual factors
anticipated to increased
CL were associated with
poorer diagnostic
reasoning performance

Durning
201133

Fenik
201334

Flindall
201535

United
States

Germany

UK

Qualitative

Quantitative,
experimental

Quantitative,
experimental

25 attending
internists

14 final-year
medical students,
16 medical
residents

20 medical students

Patient
interviewing,
Simulation

Surveys (openended
questions),
Interviews

Central line
insertion,
Simulation

Objective
observations
or tests

Patient handoff,
Simulation

Quantitative
surveys,
Objective
observations
or tests

CL not
measured

CL not
measured

NASA-TLX

To qualitatively examine
how contextual factors
were felt to potentially
impact clinical reasoning
and CL

To examine whether use
of an “all-inclusive”
central line kit during
simulated central line
insertion would reduce
mistakes and improve
performance compared
with control condition in
which subject has to
retrieve all supplies
separately
To compare
deterioration in recall of
clinical information 2
hours after simulated
patient handoffs for
medical students who
had completed a
“mentally fatiguing high
cognitive load task”
compared to a control
condition

Three primary themes
arose: (1) Components
influencing impact of
contextual factors, (2)
Mechanisms for
addressing contextual
factors, and
(3) Consequences of
contextual factors for
patient care; These
factors were also felt
likely to impact CL
The intervention group
made fewer mistakes
and met more checklist
items (better
performance), and
required less time to
complete the insertion,
than the control group

High cognitive loading
associated with reduced
information freely
recalled about cases
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Fraser
201236

Fraser
201437

Gaba
199038

Gardner
201639
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Canada

Canada

United
States

United
States

Quantitative,
nonexperimental

Quantitative,
experimental

84 1st-year medical
students

116 final-year
medical students

Heart sound
auscultation,
Simulation

Aspirin overdose
management,
Simulation

Quantitative
surveys,
Objective
observations
or tests

Paas’
Subjective
Rating of
Mental Effort
single item
scale

Quantitative
surveys,
Objective
observations
or tests

Paas’
Subjective
Rating of
Mental Effort
single item
scale

Investigatordeveloped
multi-item
instrument,
Mathematics
problem
secondary task

Quantitative,
nonexperimental

9 anesthesiology
residents

Administering
anesthesia,
Workplace

Objective
observations
or tests

Quantitative,
experimental

41 1st-year, 37 2ndyear, 9 3rd-year, and
2 4th-year medical
students

Laparoscopic
suturing,
Simulation

Quantitative
surveys,
Objective
observations
or tests

NASA-TLX

To determine whether
emotion impacts CL
during simulated cardiac
auscultation, or posttraining performance

To determine the impact
of unexpected patient
death during simulated
aspirin overdose
management on CL
during simulation, and
performance on an
observed structured
clinical encounter 3
months later
To examine the use of a
secondary task
methodology (solving
simple mathematics
problems) to assess
workload of
anesthesiology residents
during actual
administration of
anesthesia
To examine how
“seductive details”
(interesting but
tangential bits of
information) affect

Invigoration was
positively correlated
with CL, and tranquility
negatively correlated;
Higher CL associated
with lower odds of
correctly diagnosing a
cardiac murmur
previously learned, but
no impact on diagnosing
novel cardiac murmur
Emotions were more
negative and CL higher
when the simulated
patient unexpectedly
died; performance 3
months later was lower
in the group in which
simulated patient died
Response times were
higher during period
requiring subjects to
perform manual tasks;
Response times did not
correlate with level of
training or case
complexity
Control group had lower
CL than “seductive
details” group, and
performed better at

Guru
201540

Haji 201541

United
States

Canada

Quantitative,
nonexperimental

Quantitative,
nonexperimental

2 surgical residents,
3 surgical fellows, 5
surgical attendings

8 1st- and 2nd-year
medical students, 5
neurosurgical
residents and
attendings

Robotic surgical
tasks, Simulation

Surgical knot
tying, Simulation

Objective
observations
or tests

EEG

Objective
observations
or tests

Paas’
Subjective
Rating of
Mental Effort
single item
scale, Visual
secondary task

Paas’
Subjective
Rating of
Mental Effort
single item
scale,
Vibrotactile
secondary task
Paas’
Subjective
Rating of

Haji 201542

Canada

Quantitative,
experimental

28 1st-year medical
students

Surgical knot
tying, Simulation

Quantitative
surveys,
Objective
observations
or tests

Haji 201643

Canada

Quantitative,
experimental

38 2nd-year medical
students

Lumbar puncture,
Simulation

Quantitative
surveys,
Objective

workload and skill
acquisition and transfer
during simulated
laparoscopic suturing
To compare
performance and CL
when performing
simulated robotic
surgical tasks across
groups with different
levels of experience

To compare CL as
measured by secondary
task performance and
Paas’’ single item during
simulated surgical knot
tying, among subjects of
varying expertise
To compare sensitivity
of Subjective Rating of
Mental Effort and
reaction time to a
vibrotactile stimulus
when varying intrinsic
load (simple versus
complex task) during
simulated surgical knot
tying
To compare effects of
simple versus complex
lumbar puncture

immediate testing and
transfer

Performance was
positively associated and
CL negatively associated
with experience
Experts performed
better than novices;
Experts had lower CL in
single- but not dual-task
condition; Moving from
single- to dual-task
increased CL to a greater
degree among novices
compared with experts;
CL declined with practice
but eventually plateaued
CL did not differ
between simple and
complex groups;
Subjectively rated CL
decreased faster in
simple group but no
differences in rates of
decrease in response
time to vibrotactile
stimulus
Simple group had lower
CL and better
performance during
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observations
or tests

Hautz
201744

Germany

Quantitative,
experimental

49 3rd- and 4th-year
medical students

Hsieh
201245

Taiwan

Quantitative,
experimental

32 graduate
students studying
nuclear power plant
operations

Hsu 201546

Taiwan,
United
Kingdom

Quantitative,
nonexperimental

18 in-service F16
pilots
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Breast
examination,
Simulation

Quantitative
surveys,
Objective
observations
or tests

Abnormal
operating
condition
management,
Simulation

Quantitative
surveys,
Objective
observations
or tests

Flight, Simulation

Objective
observations
or tests

Mental Effort
single item
scale,
Vibrotactile
secondary task

CL not
measured

NASA-TLX

Eye tracking

training scenario on CL
and performance at
acquisition, retention
and transfer to a “very
complex” lumbar
puncture scenario

To investigate how
shame affects CL and
learning during
simulated breast
examination by
comparing two groups:
high-fidelity simulated
breast examination and
actual breast
examination of a
standardized patient;
Inferred that shame may
impact CL
To determine whether a
support system to help
nuclear power plant
operators manage
abnormal operating
procedures would
reduce CL and improve
performance compared
with control condition
during simulation
To determine whether
CL was associated with
performance in
simulated flight

acquisition and
retention phases; Simple
group had slightly better
performance at transfer
to very complex scenario
(fewer sterility
breaches), but no
differences in CL at
transfer

Students in the
standardized patient
group had higher shame
but also performed
better, inferring that
shame may not impact
CL

With support system,
subjects made decisions
more quickly (under
both simple and
complex conditions) and
accurately (under
complex conditions
only), and CL was lower
Pupil size differed during
different parts of the
simulation; Better
performance associated

Hu 201547

Hussein
201648

Jayaprakash
201649

Singapore

Egypt,
United
States

United
States

Quantitative,
nonexperimental

Quantitative,
nonexperimental

Quantitative,
nonexperimental

47 medical students

Laparoscopic
surgical tasks,
Simulation

Quantitative
surveys,
Objective
observations
or tests

Surgical trainee and
mentor

Robotic assisted
urologic surgery,
Workplace

Quantitative
surveys,
Objective
observations
or tests

11 fellow and 3
attending critical
care physicians

Assessment of
critically ill
patient,
Simulation

Quantitative
surveys,
Objective
observations
or tests

NASA-TLX

To examine impact of
experience level on
performance and CL
before and after training
on simulated
laparoscopic tasks, and
to determine whether
NASA-TLX could be used
to assess CL during
laparoscopic surgical
training

NASA-TLX, EEG

To assess for
correlations between CL
of a surgical mentor and
surgical trainee during
robotic-assisted urologic
surgery

NASA-TLX

To compare cognitive
load of collecting a
clinical history for a
critically ill patient
following, or in parallel
with, the primary survey

with greater gaze
fixation; Experience
alone was not
associated with CL

CL decreased and
performance improved
after training; CL was
higher with more
complex tasks

No correlation between
mentor’s EEG and
trainee’s NASA-TLX
score; Several
correlations were
identified between
NASA-TLX subscores of
the mentor and the
trainee, most notably
that when the trainee
had higher CL, the
mentor was paying more
attention and was less
distracted
No difference in CL for
series versus parallel
timing for collecting
clinical history; CL
decreased with
subsequent cases
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Jutric
201750

Kataoka
201151

Klein 200952

United
States

Japan

United
States

Quantitative,
experimental

Quantitative,
experimental

Quantitative,
experimental

5 high school
students, 5
attending
hepatobiliary
surgeons

32
10 nursing students,
9 “inexperienced”
nurses, 13
“experienced”
nurses

Targeting tumors
for laparoscopic
ablation,
Simulation

NASA-TLX

To examine how time
pressure and dual
tasking impacted CL of
nursing students and
nurses during simulated
operation of a
medication infusion
pump

Operating
medication
infusion pump,
Simulation

Objective
observations
or tests

NASA-TLX, Eye
tracking, Heart
rate
variability,
Respiratory
frequency

15 medical students

Robotic assisted
surgery,
Simulation

Quantitative
surveys,
Objective
observations
or tests

NASA-TLX,
Multiple
Resources
Questionnaire

Quantitative
surveys,
Objective
observations
or tests
Quantitative
surveys,
Objective

Multiple
Resources
Questionnaire,
Dundee Stress
State
Questionnaire

Klein 201253

United
States

Quantitative,
experimental

15 1st-year medical
students

Laparoscopic and
robotic-assisted
surgical tasks,
Simulation

Lee 201454

United
States

Quantitative,
experimental

4 surgical residents,
6 laparoscopic
surgery attendings,

Laparoscopic and
robotic-assisted
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Quantitative
surveys,
Objective
observations
or tests

To compare CL and
performance during four
different approaches
using a novel 3D
guidance system for
targeting tumors in
simulated laparoscopic
ablation: in line with and
without 3D guidance,
and off-axis with and
without 3D guidance

NASA-TLX

To compare CL and
performance under 2D
and 3D vision when
performing simulated
robotic assisted surgical
tasks
To compare CL among
novices using the
Foundations of
Laparoscopic Surgery for
performing simulated
surgical tasks
To compare CL and
performance among
laparoscopic and robotic

Performance was better
and CL lower with 3D
guidance; Novices
initially performed more
poorly but with final trial
there was no difference
between novices and
experts
CL as measured by
NASA-TLX was higher
under both time
pressure and dual
tasking for all subjects;
Eye fixation was lower
for all subjects under
time pressure; LF/HF
was higher for students
only under dual tasking
In 3D condition
(compared with 2D),
performance somewhat
better (more transfers)
and CL lower
CL did not differ
between systems; Minor
differences in
performance
Novices and robotic
experts had lower CL
and better performance

3 robotic surgery
attendings

Lee 201755

United
States

surgical tasks,
Simulation

observations
or tests

Quantitative,
nonexperimental

6 neuroradiology
fellows, 12
attending
neuroradiologists

Quantitative,
experimental

32 surgical
residents and
fellows

Surgical tasks,
Simulation

Quantitative
surveys,
Objective
observations
or tests

Aircraft
maintenance,
Simulation

Quantitative
surveys,
Objective
observations
or tests

NASA-TLX

Laparoscopic
single site

Quantitative
surveys,

NASA-TLX

Lee 201756

United
States

Liang
201057

Taiwan,
United
States

Quantitative,
experimental

22 “junior expert”
and 20 “senior
expert” aircraft
technicians

Lowndes
201558

United
States

Quantitative,
experimental

12 medical students

Interpreting
neuroradiology
images,
Workplace

Quantitative
surveys

surgery novices and
experts performing
simulated laparoscopic
and robotic surgery

NASA-TLX

NASA-TLX

To determine whether
redesign of a radiology
workspace would reduce
CL required to
completed daily work
and improve overall
satisfaction
To determine whether
feedback from an expert
mentor during learning
of simulated surgical
tasks would impact CL
and performance,
compared with those
who completed the
learning in a selfdirected fashion
To determine whether
work instructions
administered to aircraft
mechanics via an online
maintenance assistance
platform would be
associated with better
performance and lower
CL compared with
simple paper
instructions
To compare CL in
simulated conventional

in robotic versus
laparoscopic approach;
Laparoscopic experts
had lower CL with
laparoscopic versus
robotic
After redesign
participants reported
reduced levels of CL,
better work quality, and
greater satisfaction

Subjects that received
feedback performed
better and had lower CL
than those not receiving
feedback

CL was lower and
performance better with
online maintenance
assistance platform than
with paper instructions

Extracorporeal crossing
of hands had higher CL
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surgery,
Simulation

Maxwell
201759

Mazur
201460

Modi
201661

Mohamed
201462
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United
States

United
States

UK

Canada

Objective
observations
or tests

NASA-TLX

To determine whether
virtual, live, or combined
virtual and live training
of infantry soldiers
would be associated
with different CL and
performance

Quantitative
surveys,
Objective
observations
or tests

NASA-TLX

To determine how CL
affects errors during
simulated radiation
therapy planning

Quantitative
surveys,
Objective
observations
or tests

SURG-TLX,
Heart rate

Quantitative,
experimental

573 Army National
Guard soldiers

Infantry soldier
training,
Simulation

Surveys (openended
questions),
Objective
observations
or tests

Quantitative,
experimental

5 radiation
oncology residents,
4 radiation
oncology attendings

Radiation therapy
planning,
Simulation

Quantitative,
nonexperimental

27 “higher surgical
trainees”

Laparoscopic
suturing,
Simulation

Quantitative,
nonexperimental

8 1st-year
gastroenterology
residents, 10
practicing
gastroenterologists

Endoscopic
procedures,
Workplace

laparoscopy with two
approaches to
laparoscopic single site
surgery (extracorporeal
crossing of hands versus
intracorporeal crossing
of instruments)

Quantitative
surveys

Modified
NASA-TLX

To determine impact of
temporal stressor on
resident surgeons' CL
and technical
performance during
simulated laparoscopic
suturing
To modify the NASA-TLX
for use during
endoscopy training and
to use the modified tool
to map trainees’
workload during early

and lower performance
than conventional
laparoscopy or
intracorporeal crossing
of instruments
Combined virtual and
live training was
associated with lower CL
compared with virtual
training alone;
Combined virtual and
live training was
associated with better
performance than either
virtual or live training
alone
Higher CL was
associated with more
frequent errors;
Residents made errors
more often than faculty
Time pressure increased
CL and decreased
performance

Gastroenterology
residents had higher CL
than attendings; CL
decreased more quickly
for upper endoscopy

and colorectal
surgeons

Montero
201163

United
States

Quantitative,
experimental

Moore
201564

China, New
Zealand,
United
Kingdom

Quantitative,
nonexperimental

14 surgical
residents and
fellows

Single- and multiincision
laparoscopic
tasks, Simulation

Quantitative
surveys,
Objective
observations
or tests

NASA-TLX

32 “qualified and
trainee surgeons”

Robotic and
laparoscopic
tasks, Simulation

Quantitative
surveys,
Objective
observations
or tests

Rating Scale
for Mental
Effort, SURGTLX, Heart rate
variability

Teaching,
Workplace

Quantitative
surveys,
Interviews

Paas’
Subjective
Rating of
Mental Effort
single item
scale,
Investigatordeveloped
multi-item
instrument
CL not
measured

NASA-TLX

Moos
201465

United
States

Mixed
methods,
nonexperimental

Morris
200666

Australia,
Hong Kong

Quantitative,
experimental

42 trainee pilots

Flight, Simulation

Objective
observations
or tests

Mouraviev
201667

United
States

Quantitative,
experimental

21 surgical
residents

Nephrectomy,
Simulation

Quantitative
surveys

26 pre-service
teachers

phases of endoscopy
training
To compare CL and
performance associated
with simulated standard
laparoscopic approach
versus single incision
laparoscopic surgery
approach
To CL and performance
among “qualified and
trainee” surgeons
performing simulated
laparoscopic versus
robotic surgical tasks

To characterize how
types and levels of CL
change throughout
teacher training

To determine whether
errors occurred more
frequently with higherCL flight simulations
To determine whether
simulated nephrectomy
using a virtual simulation
training environment, or
a porcine model, was

than colonoscopy
procedures
Single incision approach
was associated with
higher CL and lower
performance

CL was lower and
performance higher on
robotic versus
laparoscopic platform
Overall CL decreased
over the course of
training; Subjects
became increasingly
aware of their CL
throughout training and
felt that their CL as
teachers limited their
ability to make real-time
modifications during
teaching
Higher complexity and
CL was associated with
increased likelihood of
errors
CL was similar for both
platforms
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associated with differing
levels of CL

Mulcock
201768

United
States

Quantitative,
nonexperimental

140 nursing
students

Care of inpatients,
Workplace

Quantitative
surveys

Investigatordeveloped
single item

To determine whether
having continuity of
instructors during
inpatient clinical
rotations was associated
with lower levels of
stress than conventional
placements

Murai
201069

Japan

Quantitative,
nonexperimental

10 ship piloting
cadets

Ship piloting,
Simulation

Objective
observations
or tests

Heart rate
variability

To evaluate the CL of a
ship cadet undergoing
simulator training

Quantitative
surveys,
Objective
observations
or tests

NASA-TLX

To compare CL and
performance among
medical students
learning to perform
simulated intracorporeal
suturing using one of
four platforms:
laparoscopic suturing,
laparoscopic drills, open
suturing, and virtual
reality drills

Quantitative
surveys,
Interviews

Paas’
Subjective
Rating of
Mental Effort
single item
scale, NASATLX,
Investigatordeveloped

Muresan
201070

Naismith
201571
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United
States

Canada

Quantitative,
experimental

Mixed
methods,
nonexperimental

41 medical students

38 medical
residents

Intracorporeal
suturing,
Simulation

Chest tube
insertion,
Simulation

To compare several
measures of CL among
medical residents
performing simulated
chest tube insertion

Working with the same
instructor and in the
same facility over first
two clinical rotations
was associated with
reduced stress, which
the authors suggest
relates to reduce
extraneous load
Various aspects of ship
navigation task were
associated with varying
levels of CL
Laparoscopic groups had
slightly reduced CL
compared with other
two groups;
Performance varied
among the four groups
but was not clearly
linked to level of CL
Total CL scaled to 0-1
scale differed across the
different measurement
techniques but all were
correlated; Qualitative
themes included those
related to intrinsic load
(prior experience,
appropriateness for level
of training, task

multi-item
instrument

Rojas
201472

Saleem
200773

Canada

United
States

Quantitative,
nonexperimental

Mixed
methods,
experimental

13 1st-year medical
students

16 practicing nurses

One-handed
surgical knot
tying, Simulation

Using clinical
reminders,
Simulation

Objective
observations
or tests

Quantitative
surveys,
Objective
observations
or tests

Vibrotactile
secondary task

NASA-TLX

To determine whether
simple reaction time or
recognition reaction
time as a secondary task
measure would be more
sensitive to detect
differences in CL as
medical students learn
to tie one-handed
surgical knots in a
simulated setting
To determine whether a
redesigned clinical
reminder system would
be associated with lower
CL and improved
learnability, usability,
and efficiency than the
existing system

complexity), extraneous
load (fidelity, anxiety,
impact of hidden
curriculum), and
germane load
(promoting effortful
processing,
opportunities to observe
variations in practice,
opportunities for
repetitive practice,
opportunities for expert
feedback)
Simple reaction time
(detecting a vibrotactile
stimulus) was more
sensitive than
recognition reaction
time (detecting only one
of two different types of
vibrotactile stimuli)
Redesigned system
associated with lower
levels of mental demand
and frustration (though
only statistically
significant with onetailed t-tests);
Redesigned system
associated with better
learnability, usability,
and efficiency
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Sato 201674

Saus 200675

Saus 201076

Scerbo
201377
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Japan

Norway

Norway

United
States

Quantitative,
nonexperimental

Quantitative,
experimental

13 anesthesiology
residents, 9
anesthesiology
attendings

40 1st-year police
academy students

Quantitative,
nonexperimental

32 Navy officer
cadets

Quantitative,
nonexperimental

7 “expert
surgeons,” 11
“intermediate
surgeons,” 17
surgical assistants

Administering
anesthesia,
Simulation

Police firearm
use, Simulation

Ship navigation,
Simulation

Laparoscopic
surgical tasks,
Simulation

Objective
observations
or tests

Quantitative
surveys,
Objective
observations
or tests

Quantitative
surveys,
Objective
observations
or tests

Objective
observations
or tests

Secondary
mathematics
task

To determine whether
anesthesiology
attendings or residents
have different CL and
performance during
simple and complex
simulated anesthesia
scenarios

Heart rate
variability

To determine whether
situational awareness
training would reduce CL
and improve
performance among
police academy students
undergoing simulated
firearm use training,
compared with control
group

Heart rate
variability

To determine whether a
low- or high-CL training
condition during
simulated ship
navigation training
would impact
contributors to learning

Visual
secondary task

To determine whether a
visual secondary task
could distinguish among
levels of expertise in
simulated laparoscopic
tasks

No difference in CL or
performance for simple
scenarios; For complex
scenarios residents had
higher CL and lower
performance than
residents; CL was higher
in both groups for
complex versus simple
tasks

Situational awareness
trained group had lower
CL but did not perform
differently from control
group

In low CL condition
learning was impacted
by experience, perceived
realism and situational
awareness; In high CL
condition perceived
realism and situational
awareness impacted
learning
Advancing expertise
associated with lower
CL, better performance,
and faster completion
times

Scerbo
201778

Scerbo
201779

United
States

United
States

Quantitative,
nonexperimental

Quantitative,
experimental

12 surgical
residents and
surgical assistants

22 surgical assistant
students, 5
premedical
students

Single- and multiincision
laparoscopic
surgical tasks,
Simulation

Quantitative
surveys,
Objective
observations
or tests

Intracorporeal
suturing and knot
tying, Simulation

Quantitative
surveys,
Objective
observations
or tests

Visual
secondary task

NASA-TLX

Investigatordeveloped
multi-item
instrument

Seidelman
201080

United
States

Quantitative,
nonexperimental

14 medical students

Laparoscopic ring
transfer,
Simulation

Quantitative
surveys,
Objective
observations
or tests

Sewell
201681

Netherlands,
United
States

Quantitative,
nonexperimental

110 1st-year, 179
2nd-year, 174 3rdyear, 12 4th-year
gastroenterology
fellows

Colonoscopy,
Workplace

Quantitative
surveys

Sewell
201782

Netherlands,
United
States

Quantitative,
nonexperimental

110 1st-year, 179
2nd-year, 174 3rdyear, 12 4th-year
gastroenterology
fellows

Colonoscopy,
Workplace

Quantitative
surveys

Visual
secondary task

Investigatordeveloped
multi-item
instrument

To examine differences
in CL and performance
associated with singleincision laparoscopic
procedures compared
with traditional
laparoscopic procedures
To assess CL and
performance associated
with simulated
intracorporeal suturing
and knot tying over
varying levels of transfer
To assess CL and
performance associated
with single versus tiled
surgical displays for a
simulated laparoscopic
task
To develop and collect
validity for evidence for
an instrument to
estimate intrinsic,
extraneous, and
germane load during
colonoscopy learning
To identify
characteristics of
learners, patients/tasks,
environments, and
teachers that are
associated with intrinsic,
extraneous, and
germane load during
colonoscopy learning

CL was higher and
performance lower in
single-incision versus
traditional laparoscopic
approach
Performance declined
on initial reassessment
but then returned to
baseline; CL was
inversely correlated with
performance
Single versus tiled
display did not affect CL
or accuracy

Intrinsic, extraneous,
and germane load were
all inversely associated
with prior experience
Intrinsic load associated
with year in training,
prior colonoscopy
experience, fatigue,
patient tolerance,
number of maneuvers
performed, and
supervisor takeover of
colonoscopy; Extraneous
load associated with
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Sexton
201783

Shachak
200984

Egypt,
United
States

Canada,
Israel

Quantitative,
nonexperimental

Qualitative

fatigue, colonoscopy
queue order, supervisor
engagement and
confidence, and
supervisor takeover of
colonoscopy; Germane
load associated with
supervisor engagement

3 lead surgeons, 3
assistant surgeons,
3 physician
assistants, 7 scrub
nurses, 11
circulating nurses

Robot-assisted
prostatectomy,
Workplace

5 residents, 20
practicing primary
care physicians

Electronic health
record use,
Workplace

Interviews

CL not
measured, but
was estimated
qualitatively

Functional
near infrared
spectroscopy

Quantitative
surveys,
Objective
observations
or tests

Shewokis
201785

United
States

Quantitative,
experimental

10 3rd-year medical
students

Laparoscopic
tasks, Simulation

Quantitative
surveys,
Objective
observations
or tests

Sibbald
201386

Canada,
Netherlands

Quantitative,
experimental

191 internal
medicine residents

Cardiac
auscultation,
Simulation

Objective
observations
or tests
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NASA-TLX

Paas’
Subjective
Rating of
Mental Effort

To investigate how
requests during roboticassisted prostatectomy
impact CL and efficiency
in the operating room

To examine the how use
of an electronic medical
record impacts
physicians’ CL

To compare CL and
performance in blocked
versus random practice
during simulated
laparoscopic tasks
To determine whether
using a checklist during
simulated cardiac
auscultation learning

Number of requests and
request duration
increased surgeons’ CL
Highest CL was
perceived with
diagnosing, reasoning
and treating severe or
multiple medical
conditions; the
electronic medical
record was felt to
reduce CL, particularly in
terms of extraneous
load, as results and
histories were easy to
find
Compared with blocked
practice, random
practice was associated
with lower CL and
better performance
Use of checklist was
associated with reduced
CL and improved

Sibbald
201387

Stefanidis
201088

Strang
201489

Svensson
199390

Szulewski
201491

single item
scale

impacts CL and
diagnostic accuracy

Paas’
Subjective
Rating of
Mental Effort
single item
scale

To determine whether
use of a checklist during
experts’ verification of
electrocardiogram
interpretation would
reduce errors or impact
CL

15 cardiology
fellows

Electrocardiogram
interpretation,
Simulation

Quantitative
surveys,
Objective
observations
or tests

Quantitative,
nonexperimental

34 medical students

Laparoscopic and
robotic
intracorporeal
suturing,
Simulation

Quantitative
surveys,
Objective
observations
or tests

NASA-TLX

Australia,
United
States

Quantitative,
nonexperimental

5 Royal Australian
Air Force Air Battle
Management
Officers

Flight, Simulation

Quantitative
surveys,
Objective
observations
or tests

Overall
Workload
Scale, Heart
rate variability

Sweden

Quantitative,
nonexperimental

Experiment 1: 21
ground attack pilots
Experiment 2: 6
ground attack pilots

Military flight,
Simulation

Quantitative
surveys

Urinary
adrenaline and
noradrenalin

To identify contributors
to CL during simulated
military flight and to
correlated CL with
performance

Canada

Mixed
methods,
nonexperimental

1 medical student, 3
emergency
medicine residents,
1 emergency
medicine attending

Resuscitation
team leading,
Simulation

Interviews,
Video and
audio
recordings

CL not
measured

To assess feasibility of
using eye tracking
technology to monitor
CL in simulated

Canada,
Netherlands

Quantitative,
nonexperimental

United
States

To compare
laparoscopic versus
robotic approach to
simulated intracorporeal
suturing
To assess for
correlations between a
subjective measure of CL
and heart rate variability
among pilots performing
flight simulation

accuracy compared with
no checklist
Using the checklist
during verification of
interpretation was
associated with
correction of errors; CL
was not affected by use
of checklist (i.e.,
expertise reversal effect
was not seen)
CL was lower and
performance better on
robotic versus
laparoscopic platform
Heart rate variability and
subjectively rated CL
correlated, but the
correlations varied
across different
simulator tasks
Three primary
constructs contributed
to CL: challenge, effort,
and performance;
Performance was
inversely correlated with
CL and challenge
positively correlated; CL
decreased with training
Eye tracking device did
not interfere with
simulation tasks
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Tattersall
199592

Teel 200993

Theodoraki
201594

Thomas
201795

Tien 2015

96
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Subjective
Workload
Assessment
Technique,
Heart rate
variability

UK

Quantitative,
nonexperimental

11 trainee flight
engineers

Diagnosing flight
faults and
incidents,
Simulation

Quantitative
surveys,
Objective
observations
or tests

Japan,
United
States

Quantitative,
nonexperimental

10 Marine cadets

Ship navigation,
Simulation

Objective
observations
or tests

Heart rate
variability

Quantitative,
experimental

8
otorhinolaryngology
residents, 2
otorhinolaryngology
attendings

Functional
endoscopic sinus
surgery,
Workplace

Objective
observations
or tests

Heart rate
variability,
Respiratory
frequency,
Masticator
muscle EMG

Germany

United
States

Quantitative,
nonexperimental

UK

Quantitative,
nonexperimental

79 practicing nurses

Administering
medications to
patients,
Workplace

Quantitative
surveys,
Objective
observations
or tests

NASA-TLX

7 “expert” surgeons
(attendings and
senior residents), 6
“junior” surgeons

Open inguinal
hernia repair,
Workplace

Quantitative
surveys,
Objective
observations
or tests

NASA-TLX, Eye
tracking

resuscitation team
leading
To monitor “naturally
occurring” fluctuations
in CL during simulated
diagnosis of flight faults
and incidents, and to
compare subjective
ratings of CL with heart
rate variability
To evaluate the CL of a
cadet undergoing
simulator training using
heart rate variability
To compare CL and
mental distress of
surgeons performing
functional endoscopic
sinus surgery with and
without a navigation
system
To examine how
interruptions and
distractions impact CL
among nurses
administering
medications to patients
in the workplace, and to
assess for impact on
medication
administration errors
To assess differences in
CL and gaze behavior
between expert and
junior surgeons during

Heart rate variability
lower during more
challenging simulation
tasks; Subjective
assessment of CL
correlated with heart
rate variability
Heart rate variability
varied with different
tasks during simulation
Navigation system did
not impact CL; CL was
higher in less
experienced group

CL increased with
number of distractions
and interruptions; CL did
not impact medication
administration errors
(though the absolute
number of errors was
very low overall)
CL was higher for junior
surgeons; Experts had
higher fixation
frequency and dwell

Tomasko
201297

Tremblay
201798

United
States

Canada,
Netherlands

Walker
201599

Canada

Weigl
2015100

Germany

Quantitative,
experimental

Mixed
methods,
nonexperimental

31 3 - and 4 year
medical students
rd

th

143 2nd-year
undergraduate
pharmacy students

Surgical tasks,
Simulation

Medication
dispensing and
patient
counseling,
Simulation

Quantitative
surveys,
Objective
observations
or tests

Quantitative
surveys,
Objective
observations
or tests, Focus
groups

NASA-TLX,
Visual
secondary task

Investigatordeveloped
multi-item
instrument

Qualitative

3 2nd-year dental
students, 1 dental
attending

Tooth mold
production,
Simulation

Interviews,
Video
recordings

Investigatordeveloped
single item

Quantitative,
nonexperimental

63 attending
surgeons

General and
orthopedic
surgical

Quantitative
surveys,
Objective

NASA-TLX

open inguinal hernia
repair
To compare CL and
performance during
simulated surgical tasks
in sleep-deprived versus
non-sleep-deprived
states
To determine whether a
more authentic
“simulated clinical
environment” is
associated with different
intrinsic and extraneous
CL compared with a less
authentic environment
among undergraduate
pharmacy students
performing simulated
medication dispensing
and counseling with a
standardized patient
To identify aspects of
simulated tooth mold
production that were
associated with CL,
comparing a dental
attending with dental
students
To determine whether
interruptions during
actual surgical
operations were

time during particular
parts of the procedure
CL was higher in sleepdeprived group, but
performance did not
differ
Both intrinsic and
extraneous load were
higher in simulated
clinical immersion
versus standard
environment; Simulated
clinical environment was
associated with higher
self-perceived learning;
Students felt they could
learn clinical reasoning
better in standard
environment but could
learn to accomplish
technical tasks better in
simulated clinical
environment
Many parts of the
simulation were noted
by students to have high
CL, but only a single part
was noted by the
attending to have high
CL
Situational stress was
higher during teaching
than non-teaching cases;
CL was higher for longer
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Weigl
2016101

Weinger
1994102

Germany

United
States

Quantitative,
experimental

19 1st- and 2nd-year
surgical residents

Quantitative,
nonexperimental

11 1st-year
anesthesiology
residents, 3 3rd-year
anesthesiology
residents, 8
certified registered
nurse anesthetists
33 anesthesiology
residents, 10
certified registered
nurse anesthetists,
83 attending
anesthesiologists

operations,
Workplace

observations
or tests

Vertebroplasty
surgery,
Simulation

Quantitative
surveys,
Objective
observations
or tests

SURG-TLX

Administering
anesthesia,
Workplace

Quantitative
surveys,
Objective
observations
or tests

Visual
secondary
task, Borg’s
workload scale

Airway
management,
Workplace

Quantitative
surveys

Investigatordeveloped
multi-item
instrument

Weinger
2000103

United
States

Quantitative,
nonexperimental

Wilson
2011104

China,
United
Kingdom

Quantitative,
nonexperimental

30 medical students

Laparoscopic
tasks, Simulation

Workman
2007105

United
States

Quantitative,
experimental

42 3rd- and 4th-year
medical students, 3

Interpreting data
in intensive care
unit, Simulation

148

associated with higher
CL, and to identify other
factors impacting CL,
among attending
surgeons

Quantitative
surveys,
Objective
observations
or tests
Objective
observations
or tests

To examine the impact
of interruptions on
resident surgeons’ CL
and performance on
simulated
vertebroplasty
To develop and to
validate objective
techniques of CL
measurement of
anesthesiologists in an
actual operating room
environment, and to
compare CL of novices
and experienced
anesthesiologists
To measure the CL
associated with 10
different airway
management tasks
among three levels of
anesthesia providers

SURG-TLX

To develop and validate
the SURG-TLX as a
measure of CL among
surgeons

Visual
secondary task

To determine whether a
novel graphical format
for information display

cases; Interruptions
were associated with
increased CL (distraction
component of NASATLX)
CL was higher and
performance lower in
disrupted scenario;
Patient discomfort as
source of disruption
caused greater increase
to CL than telephone call
CL was higher in novices
than experienced
subjects; Subjective
instrument correlated
with visual secondary
task

CL varied across the 10
tasks; CL did not differ
by type or level of
provider
The results supported
discriminant sensitivity
of the SURG-TLX to
different sources of
stress
CL was lower among
medical students using
KEGS versus traditional

board-certified
intensivists

Wucherer
2015106

Canada,
Germany

Quantitative,
nonexperimental

Young
2010107

United
States

Quantitative,
experimental

Young
2016108

Netherlands,
United
States

Young,
2016109

Netherlands,
United
States

19 “junior
surgeons”

Vertebroplasty
surgery,
Simulation

Quantitative
surveys,
Objective
observations
or tests

NASA-TLX

16 hypothetical
psychiatry residents

Ambulatory
psychiatric care,
Workplace

Objective
observations
or tests

CL not
measured

Quantitative,
experimental

23 2nd-year and 29
6th-year medical
students

Patient
handovers,
Simulation

Quantitative
surveys,
Objective
observations
or tests

Quantitative,
nonexperimental

54 2nd-year and 33
3rd-year medical
students

Patient
handovers,
Simulation

Quantitative
surveys,
Objective

(knowledge-enhanced
graphical symbols, KEGS)
would reduce CL and
improve performance
interpreting data in
simulated critical care
medicine setting, as
compared with
traditional textual
display
To estimate CL among
“junior surgeons” and
assess for relationships
with performance,
during simulated
surgical crisis setting
compared with control
simulation setting
To compare predicted
ambulatory caseloads
for incoming psychiatry
residents a traditional
model versus novel CLbased model

Paas’
Subjective
Rating of
Mental Effort
single item
scale

To examine impact of
simulated handover
complexity on medical
students’ CL and
handover accuracy

Paas’
Subjective
Rating of

To develop an
instrument to measure
subtypes of CL among

display; among
attendings, CL was lower
and accuracy higher
using KEGS

CL was higher and work
slower during crisis
compared with control
simulation

CL-based model resulted
in more evenly balanced
patient panels with less
inter-caseload variation
CL was negatively
correlated with
handover accuracy and
illness script maturity
(measure of
experience); Illness
script maturity was
positively correlated
with handover accuracy
2-factor model for CL
developed including
intrinsic and germane
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observations
or tests

Young,
2016110

Yu, 2016111

Yurko
2010112
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Patient
handovers,
Simulation

Quantitative,
nonexperimental

23 2nd-year and 29
6th-year medical
students

United
States

Quantitative,
nonexperimental

4 anesthesiologists,
12 certified
registered nurse
anesthetists, 38
circulating nurses,
35 surgical
technicians, 26
surgical assistants,
45 surgical
residents, 32
attending surgeons

Surgical
operations,
Workplace

Quantitative
surveys,
Objective
observations
or tests

United
States

Quantitative,
nonexperimental

28 2nd-year medical
students and senior
premedical
students

Laparoscopic
suturing,
Simulation

Quantitative
surveys,
Objective
observations
or tests

Netherlands,
United
States

Quantitative
surveys

Mental Effort
single item
scale,
Investigatordeveloped
multi-item
instrument

medical students
performing simulated
handovers, and to assess
for relationships
between intrinsic and
germane load with
experience level and
performance

load; intrinsic load and
germane load were
higher in less
experienced subjects;
No significant
associations between CL
and performance; Paas’
single item positively
correlated with intrinsic
but not germane load

To provide evidence for
validity of a revised
instrument to measure
CL during handovers,
and to assess for
relationships between
CL, case complexity, and
experience

Intrinsic and germane
load formed a single
factor, which was
positively correlated
with handover
complexity and
negatively correlated
with experience

SURG-TLX

To quantify and
compare CL among
surgical team members
across different surgical
techniques and
specialties

CL was highest among
surgical residents (most
novice team members);
Ancillary staff
(circulating nurse,
surgical technician) had
lowest CL; Surgical
duration positively
associated with overall
team CL

NASA-TLX

To examine relationships
between CL and
performance among
medical and premedical
students performing

CL and performance
were negatively
correlated; Higher CL
associated with more
damage to porcine

Paas’
Subjective
Rating of
Mental Effort
single item
scale,
Investigatordeveloped
multi-item
instrument

Zheng
2010113

Zheng
2012114

Zheng
2012115

Zheng
2014116

Canada

Quantitative,
nonexperimental

12 surgical
residents, 9 surgical
fellows and
attendings

Laparoscopic
tasks, Simulation

Objective
observations
or tests

Canada

Quantitative,
experimental

5 novice and 5
expert surgeons

Laparoscopic and
natural orifice
transluminal
endoscopic
surgery tasks,
Simulation

Canada

Quantitative,
nonexperimental

23 surgical
residents, fellows,
and attendings

Laparoscopic
cholecystectomy,
Simulation

Quantitative
surveys,
Objective
observations
or tests

Quantitative,
experimental

12 surgical
residents, 3
laparoscopic
fellows, 2 surgical
attendings

Using surgical
instruments,
Simulation

Quantitative
surveys,
Objective
observations
or tests

Canada

Objective
observations
or tests

Visual
secondary task

simulated laparoscopic
suturing, first on
Fundamentals of
Laparoscopic Surgery
model, and then on
transfer to porcine
model
To compare CL and
performance while
performing simulated
laparoscopic tasks
among experienced
versus novice
laparoscopic surgeons

NASA-TLX,
Visual
secondary task

To compare CL and
performance among
novice and expert
surgeons performing
simulated laparoscopic
and natural orifice
transluminal endoscopic
surgery (NOTES)

NASA-TLX, Eye
tracking

To correlate eye tracking
and NASA-TLX as means
to estimate CL during
simulated laparoscopic
cholecystectomy

NASA-TLX

To examine how
complexity (open versus
laparoscopic versus
endoscopic approach)
impacts surgeons’ CL

tissues; Performance
increased and CL
decreased on posttraining testing, but then
reversed on transfer to a
porcine model

Experienced surgeons
had lower CL and better
performance than
novice surgeons
CL was higher in NOTES
versus laparoscopic
procedures (based on
secondary task, but not
based on NASA-TLX) but
this was attenuated by
prior experience;
Performance lower in
NOTES procedures and
higher among those with
greater prior experience
Higher CL was
associated with fewer
blinks and shorter blink
duration; Performance
did not vary with eye
tracking data
CL was higher in most
complex approach
(endoscopic) versus
least complex approach
(open); Time to
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and performance during
simulated use of surgical
tools

complete task higher in
more complex
approaches; With
practice, performance
improved but CL did not
change

Abbreviations: CL, cognitive load; EEG, electroencephalogram; EMG, electromyography; LF/HF, low frequency/high frequency (higher ratio suggests higher
sympathetic tone and higher CL); NASA-TLX, NASA Task Load Index; SURG-TLX, Surgery Task Load Index
a
Description of participants is provided using the level of detail included in each study manuscript.
b
For consistency and ease of table interpretation, we use the term CL (cognitive load) when referring to the constructs of cognitive load, mental effort, and
mental workload.
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ABSTRACT
Purpose: Learners of medical procedures must develop, refine and apply schemas for both
cognitive and psychomotor constructs. This dual-task condition may strain working memory
capacity. Procedures with limitations in visual and tactile information may pose additional
risk of cognitive overload. The authors sought to elucidate how experienced procedural
teachers perceived learners’ challenges and their own teaching strategies in the exemplar
setting of gastrointestinal endoscopy.
Methods: The authors interviewed 22 experienced endoscopy teachers in the United States,
Canada, and the Netherlands between May 2016 and March 2019 and performed thematic
analysis using template analysis method. Cognitive load theory informed data
interpretation and analysis.
Results: Participants described taking steps to “diagnose” trainee ability and identify
struggling trainees. They described learning challenges related to: trainees (performance
over mastery goal orientation, low self-efficacy, lack of awareness), tasks (psychomotor
challenges, mental model development, tactile understanding), teachers (teacher-trainee
relationship, inadequate teaching, teaching variability), and settings (internal and external
distractions, systems issues). Participants described employing teaching strategies that
could: match intrinsic load to learners’ levels (teaching along developmental continuum,
motor instruction, technical assistance/takeover), minimize extraneous load (optimize
environment, systems solutions, emotional support, define expectations), and optimize
germane load (promote mastery, teach schemas, stop and focus).
Conclusions: Participants’ stories provide insight into challenges trainees may experience
while learning to perform complex medical procedures with limitations in sensory channels,
as well as teaching strategies that may address these challenges at individual and systems
levels. Using the framework of cognitive load theory, the authors provide recommendations
for procedural teachers.
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INTRODUCTION
Learning procedural skills is a challenge across the continuum of medical education.
According to cognitive load theory (CLT), learning occurs when cognitive schemas (cognitive
representations of constructs that are stored in the long-term memory) are formed and
refined.1,2 During procedural skills training, trainees must develop, refine, and activate
complex schemas for both cognitive and psychomotor constructs. This dual task
requirement may induce cognitive overload, which interferes with learning.2
The primary senses used in medical procedures are sight and touch, yet certain procedures
involve substantial limitations in visual and tactile information. For example, to perform
imaging-guided biopsy, the interventional radiologist inserts a needle deep into the body of
a patient, which exists in three dimensions. However, the radiologist must use limited twodimensional images to guide needle insertion;3 the visual information needed to complete
the procedure is limited in detail and accessibility. Similarly, robotic surgery provides
limited tactile information.4 The surgeon cannot directly feel the tissue on which she is
operating. Lacking haptic feedback, she must infer the feel of the tissue from information
that robotic controls provide; her tactile sense is constrained by the technology and
equipment she must use to optimize surgical outcomes.
Gastrointestinal endoscopy is another class of procedures with visual and tactile
constraints.5 A gastrointestinal endoscope is a long flexible tube (ranging from
approximately 80 to 200 cm) with a camera at the tip that the performing provider pushes
into and then pulls out of the patient’s body, and controls using dials connected to the tip by
cables. During an endoscopic procedure, the instrument’s three-dimensional configuration
can change dramatically within the patient’s gastrointestinal tract,5 yet the performing
provider sees only a two-dimensional, cross-sectional view on the video monitor.
Additionally, the equipment transmits less direct tactile feedback5 than other procedures
performed directly with hands on tissues, or with shorter, rigid instruments. These sensory
limitations make it more challenging to develop an accurate understanding of what is
happening with the instrument inside of the patient. These limitations contribute
substantial complexity to endoscopy learning, reflected in the large numbers of endoscopic
procedures required to attain competence.6
Prior studies of sensory-constrained procedural fields including surgery and gastrointestinal
endoscopy have yielded important findings such as deconstructing individual tasks required
to develop competence,7,8 developing and testing methods and instruments to assess
technical competence,6,9-11 and confirming the utility of simulation-based education.12-15
However, specific learning challenges, and specific teaching strategies to address those
challenges, are not well studied. Greater understanding could inform educational
innovations to promote learning, which could in turn lead to a better-trained junior
procedural workforce and improved patient outcomes. To elucidate the challenges that
learners of sensory-constrained procedures may experience, and to characterize how
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teachers help learners overcome these challenges, we studied the experiences of teachers
in the exemplar setting of gastrointestinal endoscopy.
Considering the complexity of procedural learning, CLT provides an apt theoretical
framework. CLT is a cognitive learning theory focused on limitations of the working
memory.1,2 When working memory is overloaded, learning and performance are impaired.
Three main types of cognitive load impose on working memory. Intrinsic load occurs as
learners perform essential components of a task. Extraneous load occurs when learners
direct mental effort to distractions or other nonessential stimuli. Germane load occurs
when learners engage in cognitive activities that promote formation and refinement of
learning schema (in other words, when they are learning). Working memory can manage
only a few pieces of information at a time and is easily overwhelmed,16 so the absolute and
relative amount of each cognitive load type is critically important. Extraneous load should
be minimized and intrinsic load matched to the learner’s prior experience; this provides
working memory space for activities that promote germane load and learning.
Despite relevance of CLT to procedural skills training in general,17 and endoscopy learning in
particular,18-20 little qualitative research has investigated CLT in procedural health
professions education (HPE) workplace settings.17 We know relatively little about the
specific challenges that teachers witness procedural learners experience or how CLT might
inform teachers’ educational approaches. Therefore, the purpose of this study is to identify
teachers’ perspectives of learning challenges and teaching strategies during gastrointestinal
endoscopy training, using CLT as a guiding theoretical framework. We elicited perceptions
of experienced teachers of gastrointestinal endoscopy to address three primary research
questions:
1) What specific learner challenges do experienced teachers observe during
gastrointestinal endoscopy training?
2) What strategies do experienced teachers use to promote learning of gastrointestinal
endoscopy?
3) How do these teaching strategies align with CLT?

METHODS
Design: We performed a qualitative study undertaking thematic analysis of interviews with
experienced endoscopy teachers. We adopted a “critical realist” epistemology,21 which
couples ontological realism (i.e., there exist identifiable learning challenges and teaching
strategies) with epistemological constructivism and relativism (i.e., how teachers perceive
and report these will vary).
Participants and procedures: We sought perspectives of experienced endoscopy teachers
who had 5 or more years of ongoing endoscopy teaching experience. Compared with
trainees, teachers have greater insight into learning challenges and teaching strategies,
164

informed by teaching numerous trainees and performing thousands of procedures. We
sought perspectives of experienced, rather than novice, teachers; though both would have
content knowledge (understanding of how to perform endoscopy), experienced teachers
would have greater pedagogical knowledge22 (understanding of how to teach endoscopy)
necessary to address our objectives. We selected the five-year mark, because by this time,
teachers would have sufficient experience to complete the 500 colonoscopies generally
considered necessary to develop expertise,6 and to have worked with diverse learners
through diverse endoscopic cases to develop pedagogical expertise. We solicited those who
were program directors, had specialized training in education, and held leadership positions
in gastrointestinal endoscopy societies. To enhance diversity of perspectives, we recruited
participants from multiple specialties that perform endoscopic procedures including adult
gastroenterologists, pediatric gastroenterologists and advanced endoscopists
(gastroenterologists with additional training who perform specialized endoscopic
procedures), as well as colorectal surgeons and family medicine physicians. We sought
participants internationally (from the United States, Canada, and the Netherlands) to
broaden perspectives. We identified participants using several methods (faculty known to
the investigators, society leaders, those who have published on endoscopy training, and
snowball sampling) and recruited participants by email.
Participants completed a 20-60 minute semi-structured in-person or telephone interview
with JLS, which was audio-recorded, de-identified, and transcribed. Interviews were
performed between May 2016 and March 2019. Participants provided demographics
including specialty, types of learners, gender, and years of teaching. Recruitment ceased
when we reached information sufficiency.23 This determination was initially made by
authors who read and coded transcripts (JLS, JLB, CKB) and was approved by all authors.
Interview protocol: The authors generated the primary interview questions (List 1) through
review of the literature and iterative discussions. The first two questions employed a critical
incident technique24 to enhance richness of stories and provide tangible examples of
challenges and strategies. Concepts of CLT informed development of the interview guide,
but CLT-specific questions were not included. The full interview guide is available as
Supplemental Digital Appendix 1.
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List 1. Primary interview questions when interviewing 22 experienced endoscopy teachers
regarding learner challenges and teaching strategies during gastrointestinal endoscopy
training.
1. Please think about an endoscopic procedure that you thought was particularly
challenging for the learner. Can you tell me about that encounter? What was your
approach to helping the learner?
2. Can you think of another, different, situation in which a learner was struggling with a
different type of endoscopic procedure? Can you tell me about that experience? How
did the challenges they experienced differ from the first example? How did your
teaching approach differ?
3. In general, what do you see as the most significant challenges that learners
experience during endoscopy training? What strategies can most effectively help
learners overcome those challenges?
4. In your training program, how do learners learn to perform endoscopic procedures?
Are there curricular or systemic factors that affect your learners’ endoscopy training
in a positive or negative manner?
Reflexivity: The primary author (JLS) is an academic gastroenterologist with over 7 years’
experience teaching gastrointestinal endoscopy, and an educational researcher. Three
authors (CKB, OtC, PSO’S) have expertise in education research. Two additional clinicians
contributed. BS is an academic gastroenterologist with nearly a decade of endoscopy
teaching experience. JLB is an academic general internist. Beyond clinical expertise, BS and
JLB provided perspective from their own experiences with qualitative methods.
Analysis: We used template analysis,25 a thematic analytic technique aligned with the
critical realist epistemology that facilitates inductive coding of themes. After reading the
first few transcripts, JLS developed an initial coding template, which the authors reviewed in
relationship to the data and modified to develop an agreed upon set of codes. Three
authors (JLS, CKB, JLB) applied this to two transcripts, and again discussed differences and
modified code book definitions. The authors met numerous times throughout coding and
made further minor modifications as needed. The authors often applied codes similarly; we
used divergent coding as foci for discussion in refining the code book. All coding authors
agreed on the final coding template (Supplemental Digital Appendix 2) and presentation of
results (Chart 1). Two authors independently coded each transcript; JLS coded all
transcripts; JLB and CKB each coded half of the transcripts using Dedoose (SocioCultural
Research Consultants, LLC, Manhattan Beach, CA).
Together, the coding authors used template analysis to analyze coded excerpts and
developed cohesive themes. We characterized challenges as related to the trainee, task,
teacher, and setting, because previous research in procedural learning identifies these
aspects as relevant.18 We used the CLT framework to organize teaching strategies as those
expected to match intrinsic load to the trainee’s level, minimize extraneous load, or
optimize germane load. Excerpts were selected to highlight themes and were labeled with
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subject number and abbreviations indicating specialty (GI, adult gastroenterologist; P-GI,
pediatric gastroenterologist; AE, advanced endoscopist; SU, colorectal surgeon; FM, family
medicine physician).
Ethical considerations: The University of California San Francisco Committee on Human
Research and the Netherlands Association for Medical Education Ethical Review Board both
reviewed and approved the study.

RESULTS
We interviewed 22 participants, including 8 adult gastroenterologists, 2 pediatric
gastroenterologists, 6 advanced endoscopists, 3 surgeons and 3 family medicine physicians
(Table 1). 7 (31.8%) participants were female. Participants reported an average 12.6 years
(standard deviation 6.4 years) teaching endoscopy. Their learners included
gastroenterology fellows (17, 77.3%), surgery residents (7, 31.8%), family medicine residents
(3, 13.6%), nurse practitioners (3, 13.6%), practicing physicians (2, 9.1%), and colorectal
surgery fellows (1, 4.5%). Altogether, 13.1 hours of interviews yielded 277 pages of
transcripts.
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Table 1. Characteristics of 22 experienced endoscopy teachers who participated in interviews
regarding learner challenges and teaching strategies during gastrointestinal endoscopy training.

Characteristic
Location, No. (%)

United States
Netherlands
Canada
Clinical specialty, No. (%)
Adult gastroenterologist
Advanced endoscopista
Pediatric gastroenterologist
Colorectal surgeon
Family physician
Female gender, No. (%)

Years teaching endoscopy, mean (SD); range
Learners taught, No. (%)
Gastroenterology fellows
Surgical residents
Family medicine residents
Nurse practitioners
Practicing physicians
Colorectal surgery fellows

Descriptive statistic
16 (72.7)
5 (22.7)
1 (4.5)
8 (36.4)
6 (27.3)
2 (9.1)
3 (13.6)
3 (13.6)
7 (31.8)
12.6 (6.4); 4-30

17 (77.3)
7 (31.8)
3 (13.6)
3 (13.6)
2 (9.1)
1 (4.5)
Half-days of endoscopy performed per week, mean (SD); range 3.5 (2.3); 0.5-10
Proportion of endoscopy time spent teaching, mean (SD); range 0.60 (0.30), 0.08-1.0
4.6 (1.9); 1-6
Number of trainees in program per year, mean (SD); range
a
Gastroenterologist who performs specialized procedures that are higher in risk and require
additional training
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Participants stories fit into three primary themes: (1) “diagnosing” trainees’ competence, (2)
learning challenges, and (3) teaching strategies to promote learning. Chart 1 provides a
summary of findings.
Chart 1. Summary of findings of analyzing transcripts from interviews with 22 experienced
endoscopy teachers regarding learner challenges and teaching strategies during gastrointestinal
endoscopy training.

Diagnosing the trainee
Assess trainee skill
Check trainee
understanding
Identify struggling
trainees

Learning challenges
Related to the trainee
Performance goalorientation
Low self-efficacy
Lack of awareness
Related to the task
Psychomotor control
Tactile feedback
Mental model
Related to teachers
Relationship with
teacher
Inadequate teaching
skills
Variability in teaching
Related to the setting
Distractions (internal
and external)
System structure

Teaching strategies
To match intrinsic load to
learner level
Teach along developmental
continuum
Provide motor instruction
Provide technical assistance
including take over
To minimize extraneous load
Optimize the environment
Systems solutions
Provide emotional support
Communicate expectations
and roles
To optimize germane load
Teach schemas
Tell learner to stop and
focus
Promote a mastery goalorientation

Diagnosing the trainee
Participants identified three approaches to “diagnose trainees” to estimate competence,
characterize learning challenges, and target teaching strategies. They assessed trainee skill
to determine what portions of the procedure a trainee could perform independently. Presession, teachers asked trainees about experience, progress and challenges to date, and
occasionally reviewed results of formative and summative assessments. During procedures,
participants assessed skills by observing performance quietly without intervening. “I'm
assessing them while they're going towards the cecum. And the main way I assess is
whether or not we're making forward progress and how much they're actually seeing the
lumen and advancing versus just trying to guess where things are.” (S17, SU) Participants
checked trainee understanding by asking probing and clarifying questions for rationale and
reasoning, rather than immediately telling them what to do. “[I ask them], ‘What is the
issue? How would you solve this? How would you approach it?’" (S1, GI)
Participants indicated that assessing skill and checking understanding helped them
determine what portions of the task trainees could be entrusted to perform. This was most
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pertinent when participants had not recently worked with the trainee. “Whenever I start
with a learner, when I haven't been with them for a while … the first procedure or two I just
observe… At some point, if they really get into trouble I will deconstruct it and do it myself,
but I like to … see what their method is.” (S2, GI)
Participants identified struggling trainees by observing body language, utterances, and
responses to instructions or patient discomfort. “I can tell when they're overwhelmed
because they're not having conversations about other things. They are trying the same thing
over and over … they tend to stiffen up on their grip and become silent. You see them start
trying to move the knobs, but you can tell it's not purposeful movement.” (S9, P-GI)
Participants tried to determine when trainee struggling became unproductive, at which
point they would intervene. “The main thing I try to balance [is] to figure out when …
they're learning from the struggle, versus when they've crossed over into the point where
they're struggling so much, they're just not learning from what they're doing.” (S17, SU)
Challenges
We categorized challenges as relating to trainees, tasks, teachers or settings, as follows.
Trainee-related challenges
Three challenges related to characteristics of trainees. Trainee goal-orientation influenced
their ability to learn. Many were described as singularly focused on quick independent
completion of the procedure (i.e., performance oriented), paying less attention to
performing the procedure well, or learning from the experience.
They [fellows] really want to go from the beginning to the end, they want to do the
whole thing themselves. And it's … a point of pride that the attending should not
have to touch the scope. … The goal in the fellow’s mind is that they have done the
entire procedure themselves. However long it took, and whatever issues they
encountered, that they somehow got … out of it themselves. (S16, P-GI)
This goal-orientation was also manifest by lack of interest in deeper cognitive learning or
psychomotor practice on simulators. “They don't … always put in the time on the simulators
and they don't … wanna take the time to learn the science behind what we're doing.” (S22,
FM)
Low self-efficacy was thought to interfere with trainees’ receptivity to learning, which
participants detected by trainees’ responses to directions or their body language, for
example: “…you can tell [when] someone's shoulders droop [that] they've just given up and
they don't really want to keep doing it and the sense of huge relief when I say, ‘Hey, do you
want me to help you do it?’" (S3, GI)
Furthermore, some trainees seemed unaware of teachers’ instructions, or patient comfort
and safety. This occurred when task complexity overwhelmed them.
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…they are too focused on what they are doing with their hands and not noticing
what’s happening elsewhere. I once witnessed a … technically competent fellow
doing a colonoscopy, and the patient had … [an oxygen] desaturation down to 60%...
People were getting nervous … and the [trainee], he [did not] notice. (S4, AE)
Task-related challenges
Three challenges related to the task. Most prominent was psychomotor control of the
equipment; this was most common among earlier trainees.
Probably the toughest skill for them to acquire … is fine tip control. Specifically,
when they're trying to target a lesion or do some kind of therapy … and the
stomach's moving or the diaphragm's going up and down. Who's going to be a great
… fellow and who's not? The ones who … are in the process of mastering tip control
are the ones that set themselves apart. (S11, AE)
Trainees were reported to have difficulty interpreting and acting upon tactile feedback from
the endoscopic equipment. “It was mostly a manipulation issue with managing the scope
and trying to get the loops out and knowing how much force to put in that the patient could
tolerate without running the risk of perforating.” (S17, SU) Participants also said trainees
had difficulty developing a mental model of the physical configuration of the equipment
inside patients’ bodies. “Loops are another huge challenge for trainees because they're not
often taught what different loops look like and why you're trying different things to correct
them… They don't understand what's actually going on in the patient.” (S9, P-GI) This was
considered particularly challenging due to visual and tactile limitations and was contrasted
with surgical teaching.
The main difference … is, with surgical learning, you see what you're doing, you see
the effects of the instrumentation. So, when you move something it instantly moves.
When you touch something, you're actually touching it. And with endoscopy, you
have no clue what that thing is doing on the inside. And if you did, it'd probably give
you some palpitations. So, the thing is, it's just discordance. …you're watching a
monitor and it's hard to know exactly what's going on inside. (S17, SU)
Teacher-related challenges
Three challenges related to endoscopy teachers. Participants reported their relationship
with the trainee, as the teacher in the endoscopy room, led to trainee anxiety, distraction,
or stress. “He was encountering problems with looping. It was looping at every segment, so
it wasn't progressing … I told him to complete the endoscopy, so he was also stressed of
course [that] I was looking. That was agitating him.” (S5, AE)
Some participants reported that other teachers’ inadequate teaching skills negatively
impacted learning. “I scoped with a third-year fellow … and the way she was gripping her
scope and handling the esophagus... I was astonished. It was clear to me that somewhere
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along the way people stopped trying to correct what was … bad technique and was going to
be difficult for her to do anything in the future.” (S13, AE)
Participants thought that variability amongst teachers’ endoscopic approaches was
confusing for early trainees. “I see fellows get frustrated coming from site to site, and they'll
say, ‘This attending told me to do this and the next attending will be like, That's horrible!
Why would anyone tell you that? You have to do the exact opposite.’” (S3, GI) However,
some reported variability as beneficial for more advanced trainees, because different
teachers taught different approaches or strategies that advanced trainees could understand
and add to their repertoire. “I think variability is good … for learners who've had a certain
amount of experience. Variability teaches them techniques and offers … an array of things
that they can pull from their tool kit.” (S1, GI)
Setting-related challenges
Two challenges related to the setting. Distractions within the endoscopy room included
people, pagers, tangential conversations, and internal distractions. “The interns' pagers are
going off all the time… If they're … floating in and out during the day… they're more
distracted versus if they're assigned to be there all day and not floating in and out.” (S19,
SU) The system structure introduced competing demands that participants perceived as
negatively impacting trainees’ ability to engage and learn.
Someone's trying to do a procedure and their pager is going off repeatedly. You can
see the demeanor changing, the focus. They're still looking at the screen, but their
eyes look worried, like, “Oh no, it's another consult.” I think the way our program is
set up … they're balancing an inpatient service and running back and forth and also
going to clinic and then trying to squeeze in procedures. (S3, GI)
Teaching strategies
Teaching strategies were characterized as those expected to match intrinsic load to the
learner’s level, minimize extraneous load or optimize germane load.
Matching intrinsic load
Participants described three teaching strategies that could align intrinsic load with trainees’
experience to support completion of the procedure. They adjusted trainees’ participation
along a developmental continuum; earlier trainees would perform less while receiving more
verbal support, whereas more advanced trainees could do more with less direction.
The more advanced they are, the more competent they are, I'll give them much
greater autonomy. [For the most] experienced, I'll let them start from the beginning;
let them go around some turns and just offer some suggestions. If they’re less
experienced, I'll insert and let them withdraw versus, [if they have] hardly any
experience, I'll insert and withdraw most of the way and then just let them do it at
the end. (S19, SU)

172

Some participants said their degree of trust in the learner impacted how they taught or how
much they allowed the learner to do.
When [they are] more senior and I have a sense of their skillset and I can trust them
to think it through, I say, “Okay you are holding the scope, what do you wanna do?”
Then we may have a discussion if we really diverge significantly on our ideas of what
should be done, but … as they get better and better, I will give less instruction. (S14,
GI)
Participants commonly reported using directive motor instruction to help trainees
understand what to do or how to do something, for example: “You've got to make the scope
drive around it, as opposed to getting up to the turn, slightly hooking it, torqueing the scope
sideways to push the fold out of your way.” (S11, AE) When trainees struggled despite
instruction, participants provided technical assistance or took over. Technical assistance
involved help with part of the procedure. “My approach has been to start with having them
use the scope [shaft], not the dials. … To get them used to [the dials] and with me pushing
initially. … It makes them able to focus … on … hardwiring the scope itself, the dials, the
knobs, and the buttons.” (S20, FM) Reasons for complete takeover included patient safety
and comfort, time pressures, and the need to physically feel the instrument to understand
what was happening. Most participants described thoughtfully considering when to
takeover. “Almost always I allow them to stumble to the point of falling. And then [when]
we hit a stalemate, I'll rescue them, so to speak. But we'll try to do every maneuver possible
to allow them to accomplish it.” (S22, FM) To make “takeover” time educational,
participants described narrating maneuvers and thought processes while completing the
procedure, and summarizing afterwards.
Minimizing extraneous load
Participants described four strategies that could reduce extraneous load. To optimize the
environment, participants reported curtailing unnecessary conversations, silencing pagers,
and limiting people in the room. Systems solutions were to adjust schedules, minimize
competing demands, and leverage benefits of simulation-based learning. To reduce internal
distractions, participants provided emotional support by encouraging trainees, and by
identifying with and normalizing their struggles
When he got into the stomach safely I said, “All right, drop your shoulders. Take a
deep breath. … We're going to walk through the steps, but you're in control. I'm right
here next to you. Everything is really stable.” I spend a lot more time reassuring
them… I find that some of what you're doing is fellow anxiety relief. (S13, AE)
Participants also reported that discussing expectations and roles could reduce trainee stress
(which can induce extraneous load) related to uncertainty about their expected
performance. “I expect it to take them a long time when they start… I say to them, ‘As you
get more experience, that will change. Right now, your goal is not to get to the end. Your
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goal is to [do the procedure] in a safe manner… it's okay if you can't finish the case.’” (S12,
GI)
Optimizing germane load
Participants articulated three strategies that could promote germane load. Most often, they
helped trainees understand cognitive and psychomotor concepts by teaching schemas.
Approaches included verbal descriptions, demonstrating maneuvers outside of the patient,
drawing pictures, showing appropriate amount of physical force, promoting practice of
individual skills, using simulators, and leveraging technology (e.g., Google images, YouTube,
specialized teaching equipment). “… another simple task that they struggle with in the
beginning is just intubating the esophagus. I'm like, ‘You're in the right position. This is the
right amount of pressure.’ I actually push on their shoulder, like ‘This is how hard you
should be pushing the scope.’” (S2, GI)
Surgeons discussed the unique ability to show trainees what was happening internally when
the abdomen was open during intraoperative endoscopy.
When I do intraoperative scopes… you can actually watch [the colonoscope] go
through the colon. … I show the residents you can literally read the numbers on the
scope through the colon wall just to impress upon them how tenuous things can be
and how lucky it is that we don't put holes in more people. (S17, SU)
Some participants reported that when trainees appeared cognitively overloaded (e.g., when
they repeated unsuccessful maneuvers, failed to progress, or exhibited frustrated body
language or verbal utterances), they would instruct the trainee to stop and focus on their
instruction. “I say, ‘Stop. Here's what you're doing wrong. … You're going to hurt this
person, so here's how you do this properly.’” (S18, SU) They also described promoting a
mastery orientation valuing learning over performance. “They're so goal oriented… I'm not
that impressed by you getting to the cecum quickly if you didn't do a good job. I'm very
impressed if you go through [a] really hard sigmoid and then later on it's like super, super
hard and I have to do it, but you did a great job with that.” (S2, GI)

DISCUSSION
We analyzed stories told by experienced teachers of gastrointestinal endoscopy, a class of
medical procedures in which the amount and fidelity of visual and tactile information is
constrained. Our goal was to characterize learning challenges these experienced educators
witnessed among their trainees, and teaching strategies they used to promote learning.
Participants reported purposeful observation of trainees to assess skill and comprehension.
They described learning challenges related to learners, tasks, teachers and settings. They
articulated teaching strategies that aligned well with the CLT framework, providing practical
guidance for teachers of complex medical procedures. In this section, we discuss our

174

findings in the context of other models of procedural learning, practical implications for
procedural skills training, and systems-related issues.
Procedural learning frameworks
Based on our prior research, we planned to use CLT as our primary theoretical framework,
and CLT fit well with our participants’ stories. Without prompting, most stories related to
trainees who were cognitively overloaded, usually related to inherent task demands (i.e.,
intrinsic load) but sometimes related to distractions or competing demands (i.e., extraneous
load). Likewise, many stories were about trainees who had difficulty understanding
complex topics (i.e., germane load). We found that each teaching strategy fit intuitively
with one of the three primary ‘goals’ of CLT. Despite the complexity of workplace learning,
little CLT research in workplaces has utilized qualitative methodology. Rather, the vast
majority has been quantitative with limited exploration beyond overall cognitive load or
mental effort.8 This limits conceptualization and understanding of how CLT can inform
complexities of HPE, particularly in workplace settings, and we appreciate a need for further
qualitative and mixed methods research linking CLT with procedural skills training.
Although we found CLT to be highly applicable, other frameworks are relevant. Fitts and
Posner described three stages of psychomotor skills learning26 that trainees progress
through during procedural skills training,27 including gastrointestinal endoscopy.20 During
the cognitive phase, trainees learn what needs to be done; they practice individual tasks and
begin to learn the overall procedure in a step-by-step fashion. During the integrative or
associative phase, trainees develop greater fluidity and automaticity for individual tasks and
progressively accomplish entire procedures. In the autonomous phase, trainees develop
competence to autonomously complete full procedures with accuracy and consistency. The
three task-related challenges we identified link most directly to Fitts’ and Posner’s stages;
these are critical challenges that impose intrinsic load. However, since trainee-, teacher-,
and setting-related challenges can impose extraneous load, they may negatively impact
trainees’ progression through Fitts’ and Posner’s stages.
Ericsson’s deliberate practice for mastery learning28 is also relevant to procedural learning.29
Participants referenced three essential features of deliberate practice30 (appropriate level of
difficulty, providing immediate informative feedback, trainee monitoring of understanding);
no participant cited properties of mastery learning.30 Rather, when participants discussed
mastery, they referred to a mastery goal-orientation (focus on learning and improvement)
versus performance goal-orientation (focus on achievement and demonstrating
competence), as described by achievement goal theory.31 We suspect two factors
contribute to limited presence of Ericsson’s principles in our interviews. First, most stories
were of early trainees who were focused on the basics and were far from attaining mastery.
Second, Ericsson’s work primarily focuses on how practice is organized and performed over
the course of training, whereas we focused on individual teaching encounters.
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The physical nature of procedural learning implies cognitive activities are embodied within
physical environments, so theories of embodied cognition are relevant. These theories hold
that, because of the interconnectedness of the mind, body and environment, bodily
experiences influence cognitive processes.3 In other words, the mind does not process
cognitive information in a vacuum, but, rather, within the context of sensorimotor
experiences that occur within physical learning environments.32 We suspect the taskrelated learning challenges our participants described are challenges of embodied cognition,
rather than purely cognitive challenges.
The concept of multi-channel information processing is also pertinent. Mayer’s cognitive
theory of multimedia learning states that learning concurrently through visual and auditory
channels can be effective, yet can induce cognitive overload.33 In procedural learning, the
tactile channel imposes a third modality for processing information, further increasing
complexity and risk of cognitive overload, and many participants emphasized tactile
challenges and strategies. Future study of interactions amongst the sensory channels and
cognitive load during procedural learning would be informative.
Finally, some challenges relate to sociocultural models of learning.34 A trainee’s desire to
“look good” for their supervisor could promote a performance over mastery goal
orientation, and poor performance could induce low self-efficacy. External and internal
distractions alike relate to the social context, as do teaching strategies including emotional
support and communicating expectations and roles. We suggest elements of the social
context could influence both extraneous and germane load.
Practical implications
Despite complexity of gastrointestinal endoscopy and its public health impact,5,35 study of
how trainees learn to perform endoscopy remains limited.36 Most research has focused on
learning curves,37 assessing performance and competence,9,38,39 trainee polyp detection,40
and impact of simulation.12 By identifying specific challenges and practical strategies to
promote learning, our study advances understanding of teaching in this procedural field.
However, our study findings are relevant to teaching procedures beyond endoscopy.
Gastrointestinal endoscopy is a “middle-ground” procedure in terms of complexity, risk, and
duration, which we consider an ideal exemplar setting for studying procedural skills
learning.18,19 Teachers in any procedural setting could consider the framework of
intentionally observing to diagnose learner skill, identifying specific learning challenges, and
applying targeted teaching strategies.
Interpreting tactile feedback and developing mental models are among the greatest
practical challenges when learning sensory-constrained procedures; these are challenges of
schema formation. For early learners, schema teaching may be enhanced through
simulation which allows the teacher to control intrinsic and extraneous load.41 Indeed,
simulation-based learning is effective in procedural teaching and HPE in general.12,42 Our
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data suggest teachers may promote complex schema formation by using multiple teaching
modalities as described by participants. A multimodal approach probably promotes learning
more effectively than verbal teaching alone.43 For example, some participants referred to
the “ScopeGuide.” This product allows learners to compare their mental model of
colonoscope configuration with a cartoon depiction of the actual configuration in real time
and has been shown to improve performance (though learning was not assessed).5 Similar
approaches could promote schema formation and learning in other procedural settings.
The most ‘extreme’ teaching strategy, complete takeover, reflects conflicting needs of
multiple stakeholders.44 The trainee needs to learn and develop autonomy. The patient
needs a safe and high-quality procedure. The healthcare system demands efficiency. The
teacher may feel impatient or worried about remaining procedures to complete. When
patient safety and comfort are at stake, teachers should take over, but balancing other
demands may present more ambiguity; indeed, several participants described conflicting
feelings about whether and when to take over. Limited research suggests trainees feel
frustrated when their supervisor takes over.45-47 Setting expectations beforehand might
reduce conflict and promote learning during takeover time. However, the subject would
benefit from future research.
Systems issues are broadly relevant across procedural training programs. Competing
demands inherent in clinical schedules were perceived to induce extraneous load by
distracting the learner externally (e.g., pager beeping) and internally (e.g., worry about
consults needing to be seen). Some participants described programmatic changes to reduce
distractions, including dedicated procedural time without competing demands, and altering
rotation and call schedules. Conversely, others felt distractions were authentic to actual
practice and that such experience could therefore benefit trainees. It may be beneficial to
shield early trainees in the partial-task phase from such competing demands, as such stimuli
would mostly contribute to extraneous load. When learners can reliably complete whole
tasks, such factors could be integrated as intrinsic demands of authentic workplace practice.
Considering systems challenges more broadly, flexible and innovative approaches to trainee
scheduling in procedural training programs may benefit trainees’ learning. Additionally,
teaching learners to metacognitively recognize and deprioritize distractions may be
beneficial.48
Variability in teaching and lack of adequate teacher training are also challenges with
systematic ramifications. While procedural learners desire less variability in teaching,47
several participants perceived variability as beneficial for advanced learners. For earlier
learners, consistency in teaching approach might reduce extraneous load. For example,
Coderre et al20 suggest using standard terminology for motor instruction, and dividing the
procedure into standard portions. We agree with Coderre20 that teaching procedural
instructors (and we would add learners) about CLT is likely beneficial. We additionally
recommend recognizing, articulating, and acting upon learner cognitive overload to address
learning challenges.
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As compared with cognitive learning, procedural learning often involves greater direct
supervision. Of our 22 participants, 14 indicated trainees were directly supervised
throughout every procedure, and the other 8 described ongoing supervision once trainees
had established competence, albeit less intensive. Direct supervision may facilitate
entrustment decisions with less external control or less intensive supervision.49,50 Although
interview questions did not ask about trust or entrustment, participant narratives suggested
entrustment decisions were informed by assessing skill and checking understanding, and
that level of trust impacted teaching along a developmental continuum. Although many
factors should inform entrustment decisions,51-53 many participants referred to direct
observation of psychomotor skill and cognitive decision-making, whereas only two
mentioned utilizing results of summative evaluations and competence committees. This
likely owes to the focus of the interviews; had we asked about entrustment more directly,
other factors might have been discussed. Our findings support the critical value of direct
observation to inform entrustment decisions.53
Limitations
We studied a single group of procedures, yet our findings appear relevant to diverse
procedural skills. We identified learning challenges by examining perspectives of teachers,
rather than trainees. Because teachers cannot enter the minds of their trainees, their
perceptions might differ from learners’ perceptions. We chose the teacher’s perspective
because they have a deep understanding of how to perform and teach procedures (i.e., they
have deep pedagogical knowledge22). Future research from the trainee perspective could
provide a complementary view, and our findings could be useful in designing such research.
The interviews did not enable us to directly link specific challenges with specific teaching
strategies; while this was not our intent, future studies of when specific strategies are most
effective would be helpful.

CONCLUSION
We identified procedural learning challenges and teaching strategies by analyzing stories
that endoscopy teachers told about their experiences teaching learners to perform
gastrointestinal endoscopy, and interpreted these findings through the lens of CLT. Further
consideration and application of our findings may inform future research and direct
teaching of procedural skills in the health professions.
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SUPPLEMENTAL MATERIAL FOR CHAPTER 6.
Supplemental Digital Appendix 1. Interview Guide.

1. [Specific example #1]
I would like to start by asking you about specific examples of endoscopy teaching.
First, please think about an endoscopic procedure that you thought was particularly
challenging for the learner. These challenges could relate to any portion of the
procedure, including pre-, intra-, or post-procedure. Can you tell me about that
encounter?
[If needed can prompt with the following:]
• Tell me about the learner (year, skill level)
• Tell me about the procedure (what was happening, was it complex or
routine)
• In what ways, specifically, was the learner struggling?
• Did anything appear to distract the learner?
• How did you help the learner manage the situation?
• Did you have any concerns about patient safety? Procedural efficiency?
• Did you debrief or provide the learner with feedback after the procedure?
2. [Specific example #2]
Thanks for that example. Can you think of another, different, situation in which a
learner was struggling with a different type of endoscopic procedure? Can you tell
me about that experience? How did the challenges they experienced differ from the
first example? How did your teaching approach differ?
3. [General challenges & approaches]
Thank you for describing those specific examples. Next, I am interested in discussing
more generally the challenges that endoscopy learners commonly experience. Of
course, I am also interested in any additional specific examples that you may have.
[Depending on forgoing conversation and time, select among the following
questions:]
• What do you see as the most significant challenges that learners experience
while learning to perform endoscopy (pre-, intra-, or post-procedure), and
what techniques or approaches do you use to address these challenges?
o Part task approach?
o Setting expectations?
• How, if at all, do you try to alter endoscopy teaching based on the fellow’s
prior experience or competence level?
• How, if at all, do you try to minimize distractions in the environment, or how
do you keep fellows focused on the task at hand?
• How, if at all does fellow mindset affect their endoscopy learning?
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•
•
•
•
•
•
•

•
•
•

How, if at all, do you promote learning during endoscopy? By learning I mean
automation of tasks, formation of learning schema, and consolidate
knowledge.
When you teach endoscopy do you tend to continuously narrate or do you
tend more to sit back and observe?
How do the challenges and/or your approaches to them change with
advancing fellows skill and expertise?
What procedures are most or least challenging for learners?
Do fellows ever experience challenges pre- or post-procedurally (e.g., preprocedure workup, report writing, follow-through)?
How do you approach teaching about complex motor tasks, such as loops?
How do you decide when to “take over” an endoscopic procedure? How do
you decide whether or not to give the scope back to the learner? How do
you keep learning active when you’ve taken over the procedure?
o How does your level of comfort affect when or how you take over the
procedure?
How can you tell when a learner is distracted during endoscopy training?
How do you help that learner?
How can you tell when a learner is overwhelmed during endoscopy training?
How do you help that learner?
How does performance versus mastery mindset affect endoscopy learning?

4. [Curricular & systems contributions]
Let’s switch gears a little bit now to curricular and systems issues.
In your training program, how do fellows learn to perform colonoscopy?
Are there curricular or systemic factors that affect your fellows’ endoscopy training
in a positive or negative manner?
[If needed can prompt with the following:]
• Is there a consistent approach to endoscopy training across sites and/or
teachers?
• Does your program use simulation, and if so, how?
• Is there a specific curriculum, and if so, can you describe it for me?
• Do clinical or on-call schedules or competing demands interfere with
endoscopy training?
• Do fellows have access to adequate numbers of endoscopic procedures?
• Does the endoscopy schedule facilitate enough time per case for fellows to
learn?
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Supplemental Digital Appendix 2. Definitions Of Codes.
Codesa
CHALLENGES
Emotion/relationship
Extrinsic challenges

Innate ability
Language challenge
Learner
motivation/mindset
Learner self-efficacy
Mental model/loops
Nonresponsive
Overall task
Psychomotor control

Systems problems
Tactile
Unawareness
STRATEGIES
Check learner
schemas

Developmental
continuum

Definitionsb
Learner emotion is source of distraction; includes emotions
independent of, or related to, relationship/interaction between
learner and teacher
Elements extrinsic to the learner, teacher, and patient are a
challenge. Includes environmental elements like music, people,
and conversations OR competing demands like consult service,
pager, time pressure
Learner lacks innate skills required to learn endoscopy
Challenge understanding language or terminology used by teacher
Performance over mastery orientation, cecum obsession, speed
prioritized over quality, poor effort, lack of interest, lack of interest
Fear of falling back, lack of confidence, low self-efficacy
Learner doesn’t CONCEPTUALLY understand/grasp what is
happening with the equipment inside of the patient, including
loops
Learner does not respond to feedback or instruction
Complexity of overall task (as opposed to individual aspects) is
overwhelming for learner
Any challenge related to physically controlling scope or tools
including:
- Controls (e.g., dials/knobs, suction, irrigation)
- Maneuvering scope through body (e.g., intubating esophagus,
positioning scope, MECHANICAL REMOVAL of loops)
- Accomplishing tasks (e.g., biopsy, polypectomy, control of
bleeding)
Systems or curricular issues interfere with learning, including:
teacher inconsistency, inadequate practice and/or feedback,
inadequate tools/supplies, inadequate curriculum
Learner doesn’t understand how scope should feel
Learner unaware of errors, struggles, own level of competence
Teacher probes learner’s understanding of complex concepts such
as loops. Examples include asking learner to describe WHAT and
WHY; asking the learner to propose and explain what is happening
and what they want to do about it; asking learner to describe
problem
Teacher proactively plans teaching based fellow’s level in training
and/or competence (e.g., part-task); infers that teacher permits
more advanced learners to do more of procedure, and/or alters
teaching based on experience/competence. Infers planned
pedagogical approach, NOT real-time teaching adjustment
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Diagnose struggler

Teacher observes learner IN REAL TIME to determine when they
are struggling, including body language, utterances, posture, nonpurposeful movements, making same maneuvers repeatedly
Emotional support
Teacher attends to learner emotions, such as: normalizes
struggles, tells stories from own training, encourages, cheerleads
Expectation and roles Teacher works with learner to set expectations for their roles
during the procedure
Feedback
Includes any discussion of feedback
Mastery
Teacher encourages or promotes mastery mindset (over
performance mindset), including demanding good technique
Motor instruction
Teacher teaches how to do specific motor tasks; examples: watch
and imitate, narrate what teacher is doing, tell learner exactly
what to do, demonstrate and then let learner try
Optimize
Teacher changes aspects of learning environment to improve
environment
teaching, such as leaving pagers outside, turning off music,
minimizing conversation
Repetition
Teachers specifically gives learners same instructions over time,
until they "get it"
Standard language
Teacher uses specific standardized language to make sure learner
understands
Stop
Teacher tells learner to stop all movement so learner can listen to
instruction
Systems solutions
Teacher or program makes changes to system or curriculum to
improve learning. Examples include: learner/teacher continuity,
scheduling dedicated endoscopy time free of competing demands,
sequenced/scaffolded curriculum, faculty development, ALSO
includes use of simulation
Takeover/technical
Includes any discussion of takeover or when teacher physically
assistance
assists with part of the procedure but does not completely take
over
Teach schemas
Teacher helps learner understand abstract concepts such as how
scope should feel and what is happening inside patient. Examples
include: laying hands on scope together, hand motions, show
scope on outside, push on learner body to show amount of
pressure, draw pictures, use Google images, Scope Guide,
analogies
aThese are the codes that the coding authors used during actual coding. Coded excerpts
were subjected to thematic analysis to develop the salient set of themes described in the
Results section. Most codes can be found within the thematic analysis, but codes that were
rarely applied (e.g., repetition, standard language) were not included.
bThese operational definitions used by coding authors have been edited slightly for clarity.
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ABSTRACT
Objectives: Although teachers impact learners’ cognitive load, how specific teaching
activities affect intrinsic, germane and extraneous load during procedural skills training is
unknown. We sought to characterize teaching activities used in the exemplar procedural
setting of colonoscopy, how they were enacted, and how learners perceived them as
affecting intrinsic, germane and extraneous cognitive load.
Methods: We observed 10 colonoscopies performed by 8 different gastroenterology fellows
and supervised by 10 different attending physicians at two hospitals, recording teaching
activities observed, when they were used, and how they were enacted. After the
colonoscopy, each fellow completed the Cognitive Load Inventory for Colonoscopy to
quantify intrinsic, germane and extraneous load. We then interviewed each fellow to
determine how they perceived teaching as affecting cognitive load. Qualitative data were
subjected to content analysis. We correlated instances of germane load-promoting
activities with measured germane load.
Results: We observed 515 instances of teaching activities. Intensity of teaching varied
substantially, ranging from 0.7 to 3.3 activities per minute, as did pattern of teaching
activities used by different attendings. Little teaching occurred immediately before or after
procedures. Fellows usually perceived teaching as affecting cognitive load in ways that
promoted learning, particularly reducing intrinsic load and increasing germane load. Fellows
strongly perceived that providing autonomy promoted germane load. Conversely, fellows
perceived that excessive teaching increased extraneous load. Instances of germane loadpromoting teaching activities correlated moderately with measured germane load.
Conclusions: Teaching during the exemplar procedural setting of colonoscopy affected
learners’ cognitive load in mostly beneficial ways, yet even “good” teaching activities had
detrimental effects when used excessively. Procedural teachers should consider learner
experience, task complexity, and environmental factors to modulate modality, content and
intensity of teaching to promote balanced cognitive load and learning. Teaching more
reservedly during the procedure and taking advantage of pre- and post-procedure
opportunities may help.
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INTRODUCTION
Teaching and learning procedural skills in the health professions is challenging1,2, since
teachers and learners alike must balance demands of multiple stakeholders including
patients, teachers, learners, other providers and staff, and healthcare systems. Procedural
skills often involve substantial cognitive and psychomotor complexity, and potential for
external and internal distractions, so risk for working memory overload is high, making
cognitive load theory (CLT) relevant3.
CLT posits working memory as the bottleneck for learning, because working memory can
manage only few pieces of information at any moment (as opposed to sensory and longterm memory which are considered infinite)4. Three types of cognitive load impose on
working memory. Cognitive load is categorized as intrinsic load when learners complete
essential components of a learning task, as extraneous load when learners attend to nonessential task elements (including external distractions imposed by the environment and
internal distractions related to their thoughts or emotional state), and as germane load
when learners link information to create or refine learning schemas, which leads to
automation and learning. Extraneous load should be minimized and intrinsic load matched
to the learner’s experience level; in the motivated learner, this provides working memory
space for cognitive activities promoting germane load and learning4. While intrinsic and
extraneous load are considered incontrovertible types of cognitive load, debate exists as to
whether germane load is a unique form of cognitive load, or whether it is a component of
intrinsic load5-7. Since germane load is the cognitive load type most directly linked to
learning, educators should find it of great interest. However, we know little about factors or
variables that impact germane load in health professions education (HPE) workplace
settings, and it remains less-studied than intrinsic or extraneous load8.
Empirical research confirms relevance of CLT to procedural training in HPE settings8, yet how
specific teaching activities may affect learners’ intrinsic, germane and extraneous cognitive
load remains uncertain. Procedural teachers undoubtedly intend their teaching to promote
learning, yet some teaching approaches might have unintended consequences that induce
extraneous load or cognitive overload, which interfere with learning. For example, a cardiac
surgeon might intend her detailed description of valvular pathophysiology to help the
surgical intern understand the rationale for the surgical approach, but if her teaching is
delivered using vocabulary unfamiliar to the intern, or in the midst of a complex operation,
the teacher’s explanation could contribute to working memory overload and hinder the
intern’s learning and performance. Better understanding of how specific teaching
approaches in procedural settings affect learners’ cognitive load could help guide
procedural teachers. We sought to address this gap by studying a specific genre of medical
procedures: gastrointestinal (GI) endoscopy.
GI endoscopy encompasses a set of moderately complex and invasive procedures that
provide significant benefits for populations such as lifesaving management of hemorrhage
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and diagnosis and prevention of colorectal cancer9,10. Learning to perform GI endoscopy is
complex and challenging, in part because visual and tactile feedback are both constrained10.
Trainees must complete several hundred of each type of endoscopic procedure, and master
multiple ancillary maneuvers such as biopsy, polypectomy, and control of hemorrhage,
before competence can be attained11. We and others have demonstrated relevance of CLT
to GI endoscopy training12-14, and we consider GI endoscopy as an exemplar setting in which
to study procedural teaching and learning12,13. Better understanding of how teaching affects
cognitive load could lead to improved procedural skills teaching, a better trained junior
workforce, and improved outcomes for patients. Lessons learned in this exemplar setting
should be generalizable to diverse HPE procedural learning settings.
Previously, we characterized teaching activities that experienced endoscopy teachers
reported using when teaching GI endoscopy15. Participants in that study, who were
purposively sampled to maximize experience and insight into educational processes,
reported using 11 specific teaching activities. However, as participants were highly selected
for their educational expertise and insight, we do not know whether ‘typical’ endoscopy
teachers use these activities, how the activities are enacted, or how they affect learners’
cognitive load. In the current study, we seek to better understand these gaps by addressing
three research questions:
1) Which teaching activities do endoscopy teachers actually use when teaching
gastroenterology fellows to perform colonoscopy, how often do they use them, and
how are they enacted?
2) How do fellows perceive those enactments as affecting intrinsic, germane and
extraneous cognitive load, and are perceived effects consistent with those we
predict based on CLT?
3) Do activities perceived to promote germane load correlate with measured germane
load?

METHODS
Design, participants and procedures: We performed a concurrent transformative mixed
methods16 study (concurrent collection of quantitative and qualitative data that
simultaneously inform the study aims). The lead author observed gastroenterology fellows
performing colonoscopy under the supervision of attending gastroenterologists at a tertiary
university hospital and a large urban safety net hospital. We utilized one, rather than two,
observers for several reasons. First, colonoscopy is a sensitive and vulnerable procedure
that exposes patients’ buttocks, anal and perineal regions, and we believed that two
observers would pose excessive embarrassment for patients (for this reason we also did not
video or audio record). Second, the small endoscopy rooms could not accommodate two
observers without distracting attendings and fellows performing the procedure. Third,
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consistent with qualitative research a well-trained and knowledgeable observer is wellpositioned to do the observation.
We purposively sampled attending physicians to include diverse years in practice, and both
men and women. We purposively sampled fellows primarily within the first year of training;
they have less experience than more senior fellows and therefore will need more teaching,
thereby enriching the number and diversity of teaching activity enactments by attendings.
However, endoscopy trainees in their first couple of months are able to do very little
endoscopically, which could restrict teaching strategies. We therefore purposefully waited
to recruit until a few months into the fellows’ first year, at which point they would have
participated in several dozen procedures and have greater ability to participate
meaningfully. We recruited a smaller number of fellows in the second year of training, with
the assumption that teaching of these more experienced learners might differ. We
specifically did not recruit fellows in the third year of training; since they have developed so
much automaticity, teaching required by the attending might be limited. We observed each
attending only once, and each fellow no more than twice.
Observation commenced when the fellow, attending, and patient were all present in the
room, and continued until the attending and fellow finished talking after completing the
colonoscopy. During each observed colonoscopy, the lead author used event sampling to
identify instances of 11 specific teaching activities derived from prior empirical research15,17
(Table 1). We categorized these strategies a priori as those primarily predicted to reduce
intrinsic load, increase germane load, or reduce extraneous load; we made secondary
predictions for some of them. We focused on reducing, rather than optimizing intrinsic
load; because colonoscopy is so complex, learners at the level of our participants usually
require teaching and attending assistance to complete the procedure. The lead author
recorded the portion of the procedure during which teaching activities were used (insertion,
withdrawal or before/after procedure). The author transcribed words said (verbatim or
paraphrases) and actions performed using an Excel form (Microsoft Corp., Redmond, WA)
developed for this purpose. The author also recorded when attendings used teaching
activities other than those in Table 1. The author practiced using this data collection
method several times before actual observations commenced.

191

Table 1. Teaching activities observed for during colonoscopy.
Teaching activities Definitions

Primarily predicted to decrease intrinsic load
Motor instruction Attending tells fellow specifically what to do with
colonoscope or instruments
Technical
Attending assists with ancillary instruments (e.g.,
assistance
biopsy forceps, polypectomy snare), but fellow
maintains primary control of colonoscope
Take over
Attending assumes primary control of colonoscope
while fellow observes
Primarily predicted to increase germane load
Check learner
Attending asks ‘how or why’ questions to check
understanding
fellow’s understanding of procedure
Feedback
Attending provides evaluative comments on fellow’s
performance, either specific or general
Promote mastery Attending tells fellow to focus on doing or learning
mindset
good technique (as opposed to just trying to complete
the colonoscopy quickly)
Stop and focus
Attending tells fellow to stop motor activity and to
focus on their instruction
Teach schemas

Attending explains what, how, or why, either related
to the specific procedure or regarding colonoscopy in
general
Primarily predicted to decrease extraneous load
Emotional support Attending makes statements that could reduce fear,
anxiety, worry, or negative emotions
Set expectations
Attending describes roles of themselves and/or the
fellow, or tells the fellow what they can expect during
the procedure
Modify
Attending modifies aspects of the environment (e.g.,
environment
gurney, patient position, monitor, fellow stance), or
instructs other persons to behave differently with
intent to help fellow
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Additional
predicted
cognitive load
effects
Increase
germane load
None
Increase
germane load
None
Decrease
intrinsic load
None
Decrease
extraneous
load
Decrease
intrinsic load
Increase
germane load
Increase
germane load
Decrease
intrinsic load

After the colonoscopy was complete, the fellow rated her/his degree of overall mental
effort (using Paas’ mental effort rating item18, a 1-9 scale) and cognitive load subtypes (using
the Cognitive Load Inventory for Colonoscopy [CLIC]13, a 0-10 scale). On both scales, a
higher score indicates a higher degree of mental effort or cognitive load.
The lead author then performed a semi-structured interview with each fellow in a separate
room. The colonoscopy experience was used as critical incident technique19 to address the
fellow’s perceptions of the teaching that occurred and how teaching activities were
perceived to affect their cognitive load. Interviews were audio recorded and transcribed.
Primary interview questions were as follows.
1) How did the colonoscopy go for you? How easy or difficult was it? What went well
or did not go well?
2) What teaching activities did your attending use to help you complete and learn from
the colonoscopy? [Prompt as needed with any observed teaching activities that
fellow does not mention. If fellow recalls activity after prompting, then discuss. If
fellow does not recall after prompting, do not discuss.]
3) [For each teaching activity observed]: Did that activity either help or hinder your
ability to complete the task, minimize distractions, or learn from the task?
With regard to question 2, when fellows described activities not immediately matching
those in Table 1, the interviewer asked clarifying questions to ascertain whether it might
represent one of the predetermined activities. If not, it was categorized as ‘other’ and
discussed among authors to determine whether a new activity type was warranted. With
regard to question 3, ‘completing the task’ referred to intrinsic load, ‘minimize distractions’
referred to extraneous load, and ‘learn from the task’ referred to germane load.
Quantitative data: Items from the CLIC assessing each type of cognitive load were averaged
together to produce a single estimate of intrinsic, germane and extraneous load, as
previously described13. These and other quantitative data were assembled in Excel.
Qualitative data: During the colonoscopy observation portion of the study, the observer
categorized teaching activities as they occurred. If the type of teaching activity was not
immediately apparent, it was recorded as ‘other’ and revisited later for categorization. As
interviews were transcribed, two authors read each transcript and applied content analysis
to code how fellows perceived each teaching activity as affecting intrinsic, germane and
extraneous load, using a Qualtrics® form developed for this purpose (Supplemental
Material). All transcripts were doubly coded; the lead author coded all, while three other
authors (JQY, CKB, PSO’S) divided second coder duties. The lead author met with each other
coding author to reconcile differences in coding by consensus. If consensus could not be
reached, a third author helped reconcile. Due to limitations in numbers of faculty and
fellows, we planned a priori to start with a sample of 10 observations and to assess at that
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time for information sufficiency20 of teaching activity enactment, and to perform additional
observations if novel enactments were still being observed.
Analysis: For research question 1, we used content analysis to categorize teaching activities
used during colonoscopy observation, and to characterize enactment of those activities. We
selected excerpts to highlight findings. To protect participant privacy, excerpts were labeled
with randomly assigned letters and gender was redacted. We used descriptive statistics
calculated in Excel to summarize how often specific teaching activities were used, in which
portion of the colonoscopy there were used, and teaching patterns for each attending. We
generated descriptive statistics for the cognitive load scores and other data.
For research question 2, we used content analysis to characterize perceived cognitive load
impact and compared perceived impacts to our predictions.
Given the small sample size, we performed a single statistical test for research question 3.
We identified teaching activities for which the most common perceived impact was to
increase germane load. For each observation, we tallied the number of times these
activities occurred. We then ran a Spearman rank-order correlation using Stata version 14
(StataCorp, College Station, TX) to examine the correlation between the number of times
germane load-promoting activities were observed and the germane load score from the
CLIC.
Reflexivity: The lead author is a gastroenterologist with more than 7 years’ experience
teaching endoscopic procedures; he has personally completed more than 4,000
colonoscopies and is an education researcher focused on CLT. Other authors have
experience and expertise in HPE research and CLT.
Ethical considerations: The study was reviewed and approved by the University of California
San Francisco Institutional Review Board.

RESULTS
We observed 10 colonoscopies involving 10 different attendings and 8 different fellows.
Attendings reported a median 6 years of prior teaching experience (range 1 to >20 years).
Fellows were primarily in the first year of training (8, 80%) and reported a median prior
experience of 82 colonoscopies (range 50 to 442). Two fellows (25%) and 4 attendings
(40%) were female. Median (range) procedural time was 33 minutes (22 to 50). Median
(range) cognitive load (0-10 scale) was highest for germane load [4.5 (1.5-8.8)], followed by
intrinsic load [3.0 (1.6-6.4)] and extraneous load [1.6 (0.0-3.8)]. Median (range) overall
mental effort (1-9 scale) using Paas’ scale18 was 7 (4-9). Table 2 summarizes characteristics
of participants and procedures.
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Table 2. Characteristics of participants and procedures.
Characteristic
Descriptive statistic
Fellows (N=8)
Year in training, No. (%)
PGY-4
8 (80%)
PGY-5
2 (20%)
Female gender, No. (%)
2 (25%)
Cognitive load, Median (range)
Intrinsic load*
3.0 (1.6-6.4)
*
Germane load
4.5 (1.5-8.8)
Extraneous load*
1.6 (0.0-3.8)
†
Overall mental effort
7 (4-9)
Attendings (N=10)
Years teaching colonoscopy, No. (%)
1-5
5 (50%)
6-10
3 (30%)
11-20
0 (0%)
>20
2 (20%)
Female gender, No. (%)
4 (40%)
Colonoscopies (N=10)
Time to reach cecum in minutes,
12 (5,26)
Median (range)
Total colonoscopy time in minutes,
29 (22,50)
Median (range)
Number of teaching activities used
39 (23,148)
per colonoscopy, Median (range)
*Measured using Cognitive Load Inventory for Colonoscopy13, which could range from 0-10;
higher scores indicate higher levels of intrinsic, germane or extraneous load. †Measured
using the Paas Single Item Rating of Mental Effort18, which could range from 1-9; higher
score indicates higher level of overall mental effort.
We observed 515 instances of the 11 teaching activities during the colonoscopies.
Supplemental Figure 1 depicts the frequency of observation for each teaching activity and
the distribution of colonoscopic segments during which each was used. Most activities were
distributed fairly equally between insertion and withdrawal phases of colonoscopy; few
were used before or after colonoscopies. The most frequently used teaching activities were
among those predicted to affect intrinsic and/or germane load: motor instruction, feedback,
schema teaching, checking understanding, and takeover. Two strategies, “promote mastery
mindset” and “stop and listen,” were not observed during any colonoscopy.
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Use of teaching activities varied widely among attendings. Median number of teaching
activities per colonoscopy was 42 and ranged from 15-136. Median number of activities
used per minute of procedure time was 1.0 per minute and also varied substantially from
0.7-3.3 per minute (Supplemental Figure 2). Numerically, the greatest variation was seen in
frequency of motor instruction and feedback.
Teaching activities, enactments and perceived cognitive load impact: Each activity is
discussed below, ordered by descending frequency of use (see Table 3). During the final few
observations, we observed no new enactments of any teaching activity; we therefore
concluded we had reached information sufficiency and did not perform additional
observations. There were no apparent differences in perceived cognitive load impact of
strategies between first- and second-year fellows.
Motor instruction was observed 215 times during 9 colonoscopies. The primary form of
enactment was specific comments given orally that were intended as directives that the
fellow should follow. Fellows perceived verbal motor instruction to decrease intrinsic load;
because the attending assumed the cognitive task of deciding what to do, the fellow could
focus on accomplishing motor tasks that the attending dictated. Two fellows perceived this
increased germane load; in both cases the attending gave significantly less motor instruction
(7 and 8 instances, respectively), and instructions were related to specific tasks with which
the fellow was struggling. A less common enactment of motor instruction was physical
gestures, such as pointing to direct attention or hand movements to show directionality or
movement. Fellows reported not noticing the gestures and perceived no cognitive load
impact. Two fellows perceived motor instruction to have adverse effects on cognitive load:
decreased germane load and increased extraneous load. In both cases, the amount of
verbal motor instruction was excessive and made the fellow feel overloaded. Fellow C said,
“[The attending] gives instruction particularly quickly, so I'm not given my own time to
problem-solve and figure things out on my own”.
Feedback (observed 97 times during 9 colonoscopies) was enacted orally in two different
ways: nonspecific and specific. Overall, the most common perceived effects on cognitive
load were to decrease intrinsic load and increase germane load.
Nonspecific feedback, observed in 8 colonoscopies, included general comments like “Good
job” or “Nice”. Perceived cognitive load impact varied. Fellows took affirmative nonspecific
feedback as a signal of doing a good job. Some fellows interpreted it meant they could
reduce vigilance of colonic inspection (i.e., decreased intrinsic load). Others perceived it as
confirming good endoscopic technique (i.e., increased germane load). Still others felt the
feedback reduced anxiety, and therefore reduced extraneous load. Additionally, a few
reported nonspecific feedback had no cognitive load impact. Finally, one fellow perceived
nonspecific feedback to increase extraneous load; they thought the attending was subtly
rushing them complete the colonoscopy more quickly.
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Specific feedback, observed in 3 colonoscopies, included statements on what the fellow did
well or did not do well, usually with directions on how to improve. Fellows perceived
specific feedback helped them know what to do and thus decreased intrinsic load, and that
it contributed to understanding what was happening and hence increased germane load.
Feedback was perceived as more beneficial when it related to topics mentioned in preprocedure discussions.
Schema teaching (observed 77 times during 9 colonoscopies) was usually enacted by orally
describing general truisms or rules, or by explaining complex concepts. One attending
performed a physical enactment by pushing on the fellow’s arm to demonstrate the amount
of force needed to complete a colonoscopic maneuver. The most common perceived
impact was increased germane load. However, fellows reported schema teaching had no
cognitive load impact when they already knew what the attending was trying to teach, or
when the task was so complex that they could not pay attention to the attending’s teaching.
Checking understanding (observed 50 times during 10 colonoscopies) was enacted by orally
asking the fellow what s/he thought was happening, or what s/he wanted to do next, as
opposed to directly telling the fellow this information. The primary effect was a perceived
increase in germane load, by promoting critical thinking and active decision-making. When
the fellow perceived they were “on the same page” as the attending this helped cement
learning schemas. The attending’s questions led one fellow to attempt solutions that they
felt promoted completion of the colonoscopy (i.e., decreased intrinsic load). For two
fellows, the attending asked questions that the fellow did not know how to answer, which
they felt increased extraneous load. Fellow F said, “I think that [the attending asking
clarifying questions] … added to the distraction… At that time I was still trying to find where
the lumen was. So I think when [the attending] asked at that time it added extra things for
me to consider. … I wasn't at a place where I could think of other things.” Two other fellows
did not notice the attending’s questions and perceived no impact on cognitive load.
Activities related to takeover (observed 38 times during 7 colonoscopies) were enacted
physically by the attending taking control over the colonoscopy when the fellow was having
difficulty progressing or when there was time pressure. Most attendings described their
motor approach, either during or after takeover. Fellows perceived takeover to decrease
intrinsic load and increase germane load. Fellows reported that when the attending took
over, this freed attentional capacity to listen to the attending’s words and concentrate on
what the attending was saying and doing in a way that was not possible when the fellow
held the colonoscope. As Fellow B said, “I want to see how they do it. Then I get the instant
gratification, like, ‘Oh, that's how they do it.’ Then I've got that in my pocket now.”
Setting expectations (observed 12 times during 7 colonoscopies) was enacted orally, either
by telling the fellow when the attending might take over the procedure (based on how
much time or how many attempts the fellow would be permitted) or by discussing with the
fellow what they wanted to focus on during the colonoscopy. The former enactment had

197

less perceived impact; one fellow reported when they knew the attending would take over
at a particular time, it reduced negative feelings when takeover occurred (i.e., decreased
extraneous load), but other fellows perceived no impact. The latter enactment, however,
was perceived to increase germane load; fellows reported this helped them know what to
focus on during the colonoscopy, which promoted learning. Fellow B said, “It's nice because
[the attending] holds you accountable. [The attending] asks you what you want to learn up
front or what you're working on and then how you're going to measure it and then asks you
to assess what your measurement of that skill was at the end … it makes you use each
colonoscopy as a teaching experience as opposed to just trying to get to the cecum, move
onto the next one.”
Technical assistance (observed 12 times during 7 colonoscopies) was enacted physically by
passing and/or manipulating instruments to help the fellow (most practicing endoscopists
pass and manipulate instruments autonomously). This activity primarily was perceived to
decrease intrinsic load, as it reduced motor complexity for the fellow (i.e., part task
approach). One fellow said that watching what the attending did with the instrument also
promoted germane load, though another fellow felt that the attending’s assistance impaired
their ability to learn how to use the instruments (i.e., decreased germane load).
Emotional support (observed 10 times during 5 colonoscopies) occurred when attendings
identified with the fellow’s struggles. Fellows perceived this decreased extraneous load by
diminishing shame or other negative emotions arising from not performing as well as
desired. Fellow J said, “I think it evens the playing field a little bit and makes me realize that
[the attending] remembers what it's like to be a learner”. One fellow reported this enabled
them better able to hear and apply the attending’s teaching (i.e., increased germane load).
However, another fellow was surprised when the attending asked about their emotional
state, and felt this was a distraction (increased extraneous load).
Environment modification (observed 4 times during 4 colonoscopies) was enacted physically
by adjusting the patient position, the bed or the monitor into a better position. Perceived
effects on cognitive load were mixed; one fellow perceived decreased intrinsic load, another
increased extraneous load, and two perceived no cognitive load impact.
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Table 3. Enactments and cognitive load impacts.
Strategy, No.
instances, No.
colonoscopies*
Motor
instruction
N=215, 9

Feedback
N=97, 9

Schema
teaching
N=77, 10
Check
understanding
N=50, 10
Take over
N=38, 7

Set
expectations
N=12, 7

Types of enactments with illustrative excerpts for verbal
enactments†
• Verbal
o “Pull back a little and look up for the polyp.”
o “Now [tip] down and right, you gotta get over there, tip
down.”
o “Turn a little using the little dial and tip up.”
• Physical: hand gestures
• Nonspecific statements:
o “Nice” or “Good job”
• Specific statements:
o “You took advantage of going towards 12 o’clock since you
get a lot better tip flexion there”
o “It’s good that you’re not pushing too much, but use your
dials here instead.”
• “In the right colon I first examine the lower wall, then I go back
and examine the upper wall.”
• “Whenever you can try to do it by pulling, not pushing.”
• “If you’re up against the wall you’re just hoping for the best. You
gotta get off the wall.”
• “Do you know where you need to go?”
• “What are your recommendations for this patient? When should
her next colonoscopy be? When can she restart aspirin?”
• “How do you want to remove that polyp?”
• Physical: attendings took over most often when fellow was not
progressing or when there were time demands
• Verbal: attendings dialogued while they controlled colonoscope
and summarized what they did after complete
• “As soon as I get around this turn you can take over again”
• “I’ll probably give you 10 minutes [to get to cecum].”
• “Is there anything [during the colonoscopy] that you want me to
specifically watch for?”

Perceived effects on
cognitive load (No.
fellows)‡
IL↓ (8)
GL↑ (2)
EL↑ (2)
No impact (2)
GL↓ (1)
IL↓ (4)
GL↑ (3)
No impact (3)
EL↓ (2)
EL↑ (2)
GL↑ (6)
No impact (4)
EL ↑ (1)

GL↑ (4)
IL↓ (2)
EL↑(2)
No impact (2)
GL↑ (6)
IL↓ (5)
EL↑(1)
GL↑ (3)
No impact (2)
IL↓ (1)
EL↓ (1)
EL↑ (1)
IL↓ (4)
GL↑ (1)
GL↓ (1)
EL↓ (4)
GL↑ (1)
EL↑ (1)
No impact (2)
IL↓ (1)
EL↑ (1)
N/A

Technical
• Attendings passes the snare or biopsy forceps for the fellow
assistance
• Attending pushes on patient’s buttock to stop air from passing
N=12, 7
out
Emotional
• “Ok, that was not easy [for me either]!”
support
• “I remember when I was a fellow that always happened.”
N=10, 5
Modify
• Physical: attending adjust bed height or patient position
environment
• Verbal: asked about same things, e.g., “Do you want to bed a
N=4, 4
little lower?”
Promote
Not observed
mastery
mindset
N=0, 0
Stop and listen Not observed
N/A
N=0, 0
LEGEND FOR TABLE 3: EL, extraneous load; GL, germane load; IL, intrinsic load; N/A, not applicable; ↑,
increased; ↓, decreased. *Presented in descending order of frequency of use. †Phrases in quotes are
paraphrases of statements made by attendings during observations. Phrases not in quotes are actions
observed. ‡Bold font indicates cognitive load effect matched hypothesized effect (Table 1).
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Other teaching activities: We identified two additional teaching activities: provision of
cognitive information and permitting autonomy.
Cognitive information was first identified during the third observation and was observed
during 7 colonoscopies. This activity was enacted by telling the fellow small pieces of
information that were not connected to specific motor instructions or larger schemas. For
example, Attending F said, “He’s got a bit of a floppy colon,” and Attending G said, “You’re
right outside the cecum”. Cognitive information was primarily perceived to decrease
intrinsic load by decreasing cognitive complexity, allowing the fellow to focus on motor
portion of the task, and to increase germane load when the information related to what the
fellow was focusing on or thinking about at the time. However, in one case where excessive
cognitive information was given, the fellow felt overwhelmed and perceived increased
extraneous load and decreased germane load.
Autonomy was first identified during the sixth observation and was observed during 4
colonoscopies. This activity was enacted physically by observing the fellow without
commentary or verbal instructions; sometimes the attending would physically step away
from the fellow. Fellows reported when they felt the attending was affording them
autonomy, it promoted germane load. The more extended period of focused practice
without attending intervention or interruption allowed them to appreciate consequences of
their actions, to see what worked, and to feel a sense of ownership and agency. Fellow J
said, "It [the attending affording autonomy] helped me learn … doing it myself … is the best
way for me to learn about how the scope feels,” and Fellow E said, “I really appreciate that
[the attending] doesn't … get stressed about those details... It helps to learn from the
procedure because you [can focus on] the bigger thing.” Conversely, limited autonomy was
perceived to negatively affect germane load. Fellow C said, “I think sometimes it
[continuous narration without perceived autonomy] does interfere [with the ability to learn]
because … I'm not given the opportunity to figure out what works best for me”.
Germane load
Instances of the four teaching activities with a primary positive effect on germane load
(schema teaching, takeover, checking understanding and setting expectations) had a
positive correlation of moderate strength (Spearman’s rho 0.44) with measured germane
load. The scatterplot (Supplemental Figure 3) visually supports this correlation considering
either first-year fellows alone or both first- and second-year fellows.

DISCUSSION
Although CLT is considered relevant to procedural skills training in HPE, little is known about
how teaching affects the intrinsic, germane and extraneous cognitive load procedural
learners experience8. In this study, we characterized teaching activities used during the
exemplar setting of colonoscopy, how the activities were enacted, and what impact fellows
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perceived the teaching activities as having on cognitive load. Although frequency of
teaching activity use varied substantially among the 10 colonoscopy teachers, their
enactments of the activities were quite similar. The moderate correlation between
activities perceived to promote germane load and measured germane load provides
evidence supporting germane load as a construct. Teaching activities tended to have
perceived effects that benefited learners and promoted goals of CLT, particularly to increase
germane load and reduce intrinsic load. However, even “good” teaching activities were
sometimes used in ways that interfered with learning, primarily by contributing to
extraneous load. Our findings advance understanding of procedural skills training through
the lens of CLT and suggest that concepts of CLT may be used to promote effective
procedural teaching.
Very few studies have investigated the three types of cognitive load in procedural settings8.
Our prior work quantitatively assessed characteristics of learners, teachers, tasks and
settings that were associated with intrinsic, germane and extraneous load among
colonoscopy learners15. Naismith et al qualitatively identified characteristics of a simulation
that respirology and internal medicine residents perceived as contributing to intrinsic,
germane and extraneous load while performing simulated pleural catheter drain placement,
thoracentesis and paracentesis (they also compared quantitative cognitive load
measures)21. While both of these studies produced practically and theoretically valuable
findings, neither assessed how specific teaching affected cognitive load, and our current
study complements and builds upon these.
Frequency and intensity of teaching
There was variability in the frequency with which particular teaching activities were used.
Activities most commonly related to task completion (i.e., intrinsic load) and learning (i.e.,
germane load); activities related to extraneous load were used much less often. This was
consistent with measured cognitive load; germane and intrinsic load were rated as greater
than extraneous load. It only makes sense that some activities were used more than others,
but we were surprised to observe no instances of either “promote mastery mindset” or
“stop and listen,” since these were mentioned by participants in our prior study15.
Participants in that study, who were purposively selected for deep education experience
and insight, might be more likely than the ‘typical’ GI endoscopy teacher to use these more
reflective teaching activities. The lack of observation does not imply these teaching
strategies as being irrelevant, but does prevent us from assessing cognitive load impact.
Despite varying frequency of use, enactment of teaching activities was similar. The vast
majority of teaching was oral. Although participants in our prior study15 described physical
teaching strategies such as hand gestures and manipulation of the equipment outside of the
patient’s body, we rarely observed these; when they were used learners often did not
notice them. Since procedural skills are inherently physical, it is interesting that more
teaching was not enacted physically. This highlights a critical aspect of procedural teaching:
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the teacher and learner cannot simultaneously have identical experiences, as may be more
possible with cognitive tasks (e.g., patient interview, physical examination, or clinical
reasoning). This is particularly challenging in procedures where only one person can control
the equipment at a time, as is the case for many HPE procedures. In such cases, once the
learner has established a baseline level of competence, she becomes the primary operator,
while the teacher becomes the observer who must decide when and how to intervene.
Experienced endoscopy teachers highlighted this as a challenge in our prior work15, and the
results of the present study illuminate approaches that teachers of single-operator
procedures might use to optimize cognitive load and learning.
Because colonoscopy (like many other HPE procedures) entails substantial intrinsic and
germane demands, our findings suggest that teachers should consider using teaching
strategies judiciously, particularly when complex verbal teaching is needed. Colonoscopy is
a complex activity, and most of our fellow participants were in their first year, having
completed well below the 300-colonoscopy threshold generally required for
competence22,23. Indeed, overall mental effort was high demonstrated by a median of 7 (1-9
scale) for Paas’ method18 with the lowest Paas score of 4 for the most experienced fellow.
Continuously narrating during procedural teaching may overload the learner’s working
memory if it has reached capacity managing the intrinsic and germane load.
Timing of teaching
Our findings also suggest procedural teachers should consider timing of their teaching.
When teachers taught during periods of intense cognitive effort, fellows felt unable to listen
or respond to their instruction. Identifying a cognitively overloaded learner in real time
could enable a teacher to modulate content, timing and intensity of teaching to reduce
cognitive load, yet how teachers assess learner cognitive load has not been studied.
We observed that pre- and post-procedure periods were rarely used for teaching. These are
times when learners’ working memories should have greater capacity for listening to and
processing teaching. In the cases where the teacher taught after the procedure, fellows
perceived it promoted learning. The post-procedure period may also be an optimal time to
deliver feedback, as the literature supports greater benefit for feedback given after, rather
than during, during procedural learning24,25.
Another useful time period for teaching was during takeover. Fellows reported that during
takeover they were better able to listen; accordingly, the most common perceived cognitive
load impact was increased germane load. This makes sense, as during takeover the fellow
has only a single task – to learn – and had reduced from three sensory channels (visual,
tactile and auditory) to two (visual and auditory). The “stop and listen” strategy (which we
did not observe) might also free up working memory space for learners to hear instruction.
Familiarity with the learner
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At the hospitals where we performed our observations, fellows are often paired with an
attending who is unfamiliar with their level of competence. Our data suggest such lack of
familiarity might affect learner cognitive load. When teachers asked questions that were
too easy, or taught concepts fellows already knew, fellows perceived no cognitive load
impact (in particular no benefit for germane load). Conversely, when the schemas or the
clarifying questions surpassed the learner’s level of competence, they were perceived as
increasing extraneous load. These data imply that learners need teaching directed to their
level of prior experience and understanding. A brief check-in with a learner to ascertain his
level of competence is a simple way to assess competence before a procedural session
begins. We observed this twice; in both cases, the fellows perceived benefit. A curricular
approach would be scheduling teachers and learners to perform procedures together
regularly over time, similar in concept to continuity clinics mandated for many graduate
medical education programs, or longitudinal integrated clerkships in undergraduate medical
education, which have proved beneficial for learning26.
Autonomy
Although some teachers narrated frequently, four spent extended periods of time observing
without speaking or intervening, granting the fellow more physical space. The four fellows
all perceived this to promote germane load. This makes sense, as multi-channel processing
can increase cognitive load27. Procedural tasks require two channels (visual and tactile), and
the addition of the auditory channel may overwhelm working memory. Waiting for a period
of less intense tactile and visual demands, or advising the learner to stop and pay attention
to the teacher may increase cognitive capacity for verbal teaching.
There may be sociocultural benefits to providing autonomy as well. Many procedural
learners may suffer from imposter syndrome28, causing negative emotions that increase
extraneous load29. Being empowered to function autonomously could reduce imposter
syndrome and reduce negative emotions and extraneous load, thereby freeing working
memory capacity for germane processing. Furthermore, autonomy is considered necessary
for learners to develop intrinsic motivation30. Systems restraints may prevent fully
entrusting learners to perform some procedures, yet limiting autonomy in procedural
learning may reduce development of competence31, whereas providing a developmentally
appropriate degree of autonomy may motivate procedural learners32.
Cognitive load types
The cognitive load impacts of each teaching activity were generally consistent with our
predictions. We discuss each type of cognitive load below.
Germane load
Germane load was numerically higher than intrinsic or extraneous, and germane load was
the type most often affected by teaching. This likely reflects that we observed mostly
fellows in the first year (so they still have much to learn), yet that had some experience with
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colonoscopy (so the intrinsic load is not as overwhelming). Most of the teaching activities
with perceived germane load benefit could promote self-regulated learning (e.g., feedback,
schema teaching, checking understanding, expectation setting)33. Teaching self-regulation
skills and enabling procedural learners to progressively take greater control over their
learning may produce more mature and skilled proceduralists. Likewise, gradual reduction
in intensity of teaching (i.e., granting more autonomy) as learners progress may promote
self-regulation and enhanced procedural learning and reduce likelihood of expertise reversal
effect34. This approach is aligned with competency-based training35,36, yet may be difficult
to implement if there is lack of continuity between teachers and learners, or in procedural
settings where patients expect a fully trained expert to perform their procedure and where
health systems demand efficiency and quality37,38.
Whether germane load should be considered a unique construct, or whether it is best
conceptualized as an aspect of intrinsic load is debated6,7. Intuitively, completing a task and
learning from a task are related, yet require different cognitive activities. The moderate
correlation between activities perceived to promote germane load and measured germane
load provides one piece of evidence supporting germane load, and supports those teaching
activities as useful for promoting procedural learning.
Intrinsic load
Teaching commonly affected intrinsic load. Although the primary goal of CLT is to match
intrinsic load to the learner’s level, we considered decreasing intrinsic load as a desirable
outcome. This is because, for most of our participants, the overall task of completing a full
colonoscopy was beyond their technical skills. To promote learning among relatively novice
trainees such as ours, simplifying procedural tasks can help. The approaches predicted to
reduce cognitive complexity (motor instruction) and psychomotor complexity (technical
assistance, takeover) were perceived to decrease intrinsic load. Technical assistance is a
part-task approach, and takeover provides a worked example, both of which can reduce
intrinsic load among early learners39. Another way to reduce intrinsic load is to increase
experience and competence, which could not be captured in individual observations. For
many procedural skills, simulators are an effective means to increase skills in a risk-free
environment40,41. Conversely, more experienced learners should perform full tasks to avoid
the expertise reversal effect, where partial tasks or excessive teaching can hinder learning39.
Extraneous load
Extraneous load was not prominent in our observations. We rarely observed potential
sources of extraneous load, measured extraneous load was low, and relatively few teaching
activities were perceived to affect extraneous load. Extraneous load may be limited in most
routine ambulatory procedures like we observed, though procedures performed in more
chaotic urgent/emergent settings would induce more extraneous load. Nevertheless,
optimizing the environment to the extent possible in complex workplace settings may
reduce extraneous load and promote mental space for learning42.
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Methodological considerations and limitations
Our findings should be considered within the context of our methodology. Considering our
participants, only 25% were female, because the fellow classes from which we recruited had
fewer females than average in our program, and nationally only about one-third of
gastroenterology fellows are women43. While limited evidence in the social sciences
suggests potential impact of gender on cognitive load44, previous work did not find gender
to have an impact on cognitive load in the endoscopy setting12. However, the present study
provides no information as to how gender might affect teaching strategies attendings use.
Considering our observation methods, we performed the study within a single procedural
field, but the teaching activities we studied are not specific to endoscopy, and appear useful
to other procedures. Mindful of interactions between the observer, the participants and
the research question, we intentionally chose to utilize a single observer. The observer was
a gastroenterologist who was known and had good interpersonal relationships at the study
sites (as recommended by Paradis and Sutkin45). The observing author has great familiarity
with endoscopy (having performed several thousand endoscopic procedures previously),
and was therefore most qualified to accurately capture behaviors and utterances.
Furthermore, failing to capture occasional teaching activities would not likely impact the
findings of the qualitative analysis which was the primary focus of this work. Limiting
observation to one colonoscopy with each attending did not capture variation in teaching
that might occur across teaching of different learners, but our interest was in variation
among different teachers. Although our sample size of 10 observations was small, we
reached information sufficiency of teaching activity enactment. For the quantitative
analysis, given the small sample size46, we performed only a single statistical test that
focused on germane load.
Considering our measurement methods, we assessed fellow perceptions of how teaching
strategies affected cognitive load, but the ultimate impact on actual cognitive load and
learning is unknown. Studies suggest that learner perceptions of teaching and learning
correlate poorly with actual learning47, so our findings should be taken within this context.
The correlation we found between activities perceived to promote germane load and
measured germane load should also be interpreted with caution, since cognitive load
measures are most valuable when coupled with measures of learning48. However, as our
participants all had at least modest prior experience, we did not think it is possible to
separate learning directly attributable to the single observed colonoscopy from prior
learning. Additionally, we are not aware of any instrument that can quantify learning during
colonoscopy; while performance scales exist49, performance is a different construct from
learning50. These considerations highlight a major challenge in performing research in
actual (i.e., not simulated) HPE workplace. Finally, since we measured cognitive load and
performed interviews after the colonoscopy was complete, the “peak and end effect” might
occur (better recollection of recent or significant events). However, most participants
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recalled and reacted to teaching activities that occurred throughout the colonoscopies,
suggesting limited impact in what were relatively short procedures.

CONCLUSION
CLT has clear relevance to procedural skills training in the health professions. The teaching
activities that we studied were perceived to affect intrinsic, germane and extraneous load in
mostly beneficial ways and were consistent with our predictions based on CLT. Our findings
suggest that, to promote balanced cognitive load and learning, procedural teachers should
be familiar with, and adapt their teaching to, their learners’ prior experience and
competence, and should be cognizant of their learners’ cognitive state and modulate
amount and type of verbal teaching, including periods of silence to allow learners to think
and process, and promote autonomy. Similar studies performed in other procedural fields,
and experimental studies in which cognitive load and performance are correlated with types
and intensity of teaching activities, could provide additional validity evidence for our
findings. We further suggest teachers should not miss opportunities to teach when
learners have greater working memory capacity available, particularly before or after
procedures. We conclude that awareness of CLT and use of CLT-informed teaching
strategies has the potential to improve procedural teaching in the health professions.
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SUPPLEMENTAL MATERIAL FOR CHAPTER 6.
Qualtrics form used for coding.

What is the observation number? ____________

Please consider whether each Teaching Strategy below was discussed in the transcript. For each
teaching strategy discussed in the transcript, code how fellow described impact on types of CL
(selecting all that apply). For definitions of teaching strategies, refer to subsequent table.

Strategy
present?

Decrease
IL?

Increase
IL?

Decrease
EL?

Increase
EL?

Decrease
GL?

Increase
GL?

Check learner
understanding
Cognitive
information
Environment
modifications
Expectations/
roles
Feedback/
praise
Mastery
mindset
Motor
instructions
Stop and focus
Takeover
Teach schemas
Technical
assistance
Other
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Definitions of strategies.
Strategies
Check learner
understanding
Cognitive
information
Environment
modifications
Expectations/ roles
Feedback/ praise

Mastery mindset
Motor instructions
Stop and focus
Takeover
Teach schemas
Technical assistance

Definitions
Attending asks questions to check fellow’s understanding of what is
happening during colonoscopy
Attending makes statements to fellow that could alleviate fear, anxiety,
worry, or other negative emotions
Attending manipulates components of the environment (e.g., gurney,
patient position, monitor position, fellow stance), or instructs other
persons present to behave
Attending articulates roles of themselves and/or the fellow, or tells the
fellow what they can expect during entire colonoscopy or particular parts
Attending tells fellow when they have done something good or bad, can
be specific (i.e., feedback) or generic (e.g., “good” which would be
considered praise)
Attending emphasizes good technique (i.e., rather than focus on
independently completing colonoscopy)
Attending tells fellow specifically what to do with colonoscope or
instruments
Attending instructs fellow to stop motor activity and listen
Attending assumes primary control of colonoscope while fellow observes
or assists with instruments (e.g., biopsy forceps)
Attending explains what, how, or why (either specific to case or general
approach/truisms)
Attending performs part of task (e.g., biopsy forceps) while fellow
maintains primary control of colonoscope

If “Other” teaching strategy was discussed in the transcript, describe here.
_____________________________________________________________
How (if at all) did fellow describe recognizing feeling of cognitive overload?
_____________________________________________________________
How (if at all) did fellow describe acting upon cognitive overload?
_____________________________________________________________
Please enter any additional comments.
_____________________________________________________________
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Supplemental Figure 1. Teaching activities and associated portion of colonoscopy.

Number of times activity was observed

140
120
100
80
60
40
20
0

Insertion

Withdrawal

Before or after procedure
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Supplemental Figure 2. Pattern of teaching activity use by attending.

Instances per minute procedural time

1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

A

B

C

D

E

F

G

H

Motor instruction

Feedback

Schema teaching

Check understanding

Takeover

Set expectations

Technical assistance

Emotional support

Modify environment

Promote mastery mindset

Stop and listen

I

A through J labels for attendings were randomly assigned and do not reflect actual order of
observations.
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J

Supplemental Figure 3. Graphical relationship between activities promoting germane load and
measured germane load.

Blue points indicate 1st-year fellows. Yellow dot indicates two 1st-year fellows, both of whom had a
measured germane load measured of 4 and for whom there were 19 instances of teaching activities
that could promote germane load (though there were different patterns of which specific teaching
activities were used). Red dots indicate 2nd-year fellows, who had significantly greater prior
colonoscopy experience.
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BACKGROUND
The work in this thesis supports the assertion that procedural skills training remains a major
challenge for health professions educators. Unlike other primarily cognitive learning
settings, procedural training requires learners to simultaneously learn and perform both
cognitive and psychomotor tasks, each of which can be quite complex. Many health
professions education (HPE) learners enter procedural training programs with little formal
training in psychomotor tasks, and so the psychomotor learning domain presents a radical
departure from the familiar task of learning and applying mostly cognitive information.
Procedural settings exert other unique pressures on learners as well. Decisions during
procedural tasks must be made quickly, yet can have immediate deleterious effects on
patients. Learners in procedural fields may base much of their developing professional
identity on their success performing procedures1, yet many undergraduate HPE programs
that focus mostly on cognitive learning may not prepare learners for the procedural learning
they encounter in post-graduate residency and fellowship training2. Sociocultural aspects of
many procedural specialties may exert additional pressures. Taken together, these factors
contribute to high risk of cognitive overload in early procedural learners, as reflected in the
story that began this thesis.
We are at a critical juncture in procedural training in the health professions. While
procedural complexity, sophistication, and sub-specialization in both medical and surgical
fields continues to advance3,4, both undergraduate medical education (UME) and graduate
medical education (GME) programs are increasingly restricted and regulated5,6, and the
public demands increasing levels of accountability and transparency for assessing and
reporting on competence of health professionals7. Consequently, there is an urgent need to
better understand how trainees learn to perform procedural skills, and how teachers and
training programs can optimize training and learning.
The studies described in this thesis all focus on this need, by examining how cognitive load
theory (CLT) can inform effective approaches to teaching and learning procedural skills. We
selected CLT as the primary theoretical framework because cognitive processes are central
to all aspects of procedural learning (even psychomotor tasks are stored as cognitive
schema in long-term memory), yet working memory capacity for procedural learners
remains limited. Other learning paradigms such as behaviorism and sociocultural learning
are undoubtedly relevant to procedural learning, yet accurate schemas for cognitive and
psychomotor concepts must ultimately be created, refined, and accessed for a learner to
become a competent proceduralist. We therefore consider CLT as the learning paradigm
positioned most closely to actual learning, and we believe that other influences (such as
sociocultural influences) likely exert influence, at least in part, through cognitive load8.
CLT builds upon the Atkinson-Shriffin model of human learning9 by characterizing the
different ways that the working memory can be used, namely completing essential task
elements (intrinsic load), forming and refining learning schema (germane load), and
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attending to distractions or other non-essential information (extraneous load)10,11.
Considering the learning task, the learner, the setting, and the teaching approach should
enable a procedural teacher to promote goals of CLT in their learner: to match intrinsic load
to the learner’s level of competence, to optimize germane load, and to minimize extraneous
load. CLT is relevant to HPE and is increasingly studied, yet how and when CLT tenets should
be applied within authentic HPE workplaces, including procedural skills training, remains
understudied and inadequately characterized. For additional information about CLT, we
refer the reader to the detailed description of CLT provided in the Introduction.

SUMMARY OF FINDINGS
The research reported in this thesis seeks to better understand how CLT informs procedural
teaching and learning in the health professions. Procedures performed across the health
professions have striking heterogeneity in terms of duration, complexity, risk and learning
curves. Therefore, to develop a cohesive body of research, we selected gastrointestinal (GI)
endoscopy as an exemplar procedural setting that we considered “middle-of-the-road” in
terms of complexity, duration and learnability. We designed our studies to address five
primary research questions, that, while performed in the setting of GI endoscopy, would
produce implications that would be generalizable to a wide variety of procedural settings.
These were described in the Introduction and are listed again below:
1) How can we measure intrinsic, extraneous and germane cognitive load among
colonoscopy learners?
2) How do features of learners, tasks, settings and teachers influence intrinsic,
extraneous and germane cognitive load during colonoscopy training?
3) How has CLT been used to study teaching and learning within professional workplace
settings, both within and outside of the health professions?
4) What learning challenges do experienced GI endoscopy teachers see their learners
experience, what teaching strategies do they use to help learners overcome these
challenges, and how do those strategies align with cognitive load theory?
5) How do “everyday” teachers of GI endoscopy teach, and how does their teaching
affect learners’ perceived intrinsic, extraneous and germane cognitive load?
Each of these research questions is addressed by a study, the major findings of which are
summarized below. This brief summary will serve as a prelude to discussing broad themes
address by this thesis, directions for future research, and strengths and limitations of our
research. For a more detailed summary of each study’s findings, please see the Summary
section, which follows the Discussion.
Chapters 2 and 3 examine methods to measure cognitive load, and explore factors that may
impact cognitive load, during the exemplar procedural training setting of colonoscopy.
Chapter 2 documents a novel investigator-developed self-report instrument that separately
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estimated intrinsic, extraneous and germane cognitive load among nearly 500 colonoscopy
learners across the United States. The chapter presents strong evidence for validity,
including exploratory and confirmatory factor analysis yielding satisfactory fit parameters,
and supports a three-factor model for cognitive load, corresponding to intrinsic, extraneous
and germane load. Chapter 3 considers a wide array of factors related to the major
contributors to cognitive load in procedural environments: the learner, patient/task, setting
and supervisor, and models unique sets of factors associated with each type of cognitive
load. This information may be used by procedural teachers to target specific cognitive load
goals through direct teaching and curricular design. Chapter 4 marks a transition from
understanding the role of CLT, to examining how to teach procedures through the lens of
CLT. In this chapter, we examine the literature to understand how others have used CLT to
study professional workplace teaching and learning. Chapter 4 offers the broadest-reaching
systematic review of CLT in HPE available in the literature, systematically synthesizing a vast
amount of information from 116 studies performed across multiple professions (both within
and outside of healthcare) to offer multiple theoretical and practical implications. Finally,
we apply lessons learned in Chapter 4 to teachers and learners of procedural skills, returning
to the realm of gastrointestinal endoscopy. Chapter 5 characterizes how experienced GI
endoscopy teachers see procedural learners struggle, and how they approach procedural
teaching to help learners overcome those challenges. The teaching strategies they describe
relate clearly to goals of CLT. Chapter 6 characterizes how ‘everyday’ endoscopy teacher
enact various teaching activities while being observed during actual teaching of endoscopy
learners in real colonoscopy cases. The chapter further analyzes how the learners perceive
those teaching activities as affecting intrinsic, germane and extraneous cognitive load.

MAJOR CONTRIBUTIONS
While individual chapters address the five research questions described above, the body of
work as a whole furthers understanding of procedural skills teaching and learning, and CLT
itself, by addressing several major questions, listed below. The multiple chapters that
address each of these questions are indicated in parentheses. The first two topics are more
theoretically-oriented, while the second two address more practical issues. Each of these
topics will be considered in turn, linking research documented throughout this thesis with
other literature.
1) How can we measure cognitive load subtypes (intrinsic, extraneous and germane
load) in procedural skills training settings? (Chapter 2, 3, 4 and 6)
2) Should germane load be treated as a unique subtype of cognitive load, or as an
aspect of intrinsic load? (Chapters 2, 3 and 6)
3) What contributes to intrinsic, germane and extraneous load in procedural skills
training? (Chapters 2, 3, 4, 5 and 6)
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4) How can we leverage teaching and curricular innovations to promote balanced
cognitive load and promote learning during procedural skills training? (Chapters 4, 5
and 6)
Measuring cognitive load
The ability to measure or estimate cognitive load is critical for research, both to help the
theory evolve, and to further understanding of how it should be used to inform curriculum
design, workplace environments and direct teaching. Yet, measurement of cognitive load
remains a critical challenge that is in many ways a roadblock to furtherance of CLT12-16.
There are several constructs related to cognitive load that researchers have attempted to
measure or estimate. In Chapter 4 we found that some of these terms (the first three in
particular) were often used interchangeably across different studies, yet CLT scholars
appreciate subtle differences among them. It will be helpful for the reader to be familiar
with these terms, as noted below.
•
•
•
•
•

•

Cognitive load is the working memory demand imposed while performing a task11.
Mental load (or mental workload) is the aspect of cognitive load that arises from the
interplay between learner capability and task characteristics/complexity17.
Mental effort is the portion of cognitive capacity that the learner actually allocates to
performing a task17.
Intrinsic load is the subtype of cognitive load that occurs as learners accomplish
essential task elements11 (also considered “productive” cognitive load18).
Extraneous load is the subtype of cognitive load that occurs when learners attend to
non-essential internal or external stimuli11 (also considered “unproductive” cognitive
load18).
Germane load is the subtype of cognitive load that occurs when learners form or
refine learning schema11.

All of the above constructs are challenging to measure (estimate might be a more
appropriate term), because they are invisible processes that occur within the working
memory of the learner. Multiple approaches have been used to estimate cognitive load11,12,
but all seek to quantify complicated constructs that are not immediately intuitive. This begs
the question: Are we measuring what we intend to measure when we study these cognitive
load constructs? The work in this thesis makes significant contributions to understanding
how to measure or estimate cognitive load constructs, in particular how to measure
cognitive load subtypes, and whether the constructs being measured are actually the
cognitive load types.
By providing a detailed review of the world’s literature regarding cognitive load in
professional workplace education, Chapter 4 helps us understand how scholars are
measuring cognitive load related constructs. Of the 116 studies reviewed, nearly 90%
sought to estimate cognitive load-related constructs, using a variety of approaches,
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including psychometric instruments, secondary task approaches (response time and
accuracy), physiologic measures and qualitative methods. A handful of studies compared
measurement approaches, but they did not provide adequate evidence to identify a “best
approach”. Rather, each method of estimating cognitive load has pros and cons. We next
discuss each measurement approach, including how work in this thesis informs them.
Psychometric instruments
Psychometric instruments are designed to gain insight into a person’s thoughts through the
use of printed words and numeric scales. Psychometric instruments are easy to use, cost
little, require little to no technology, and interfere minimally with learning tasks (when used
after the task is complete, as in most studies), so it is not surprising that they were by far the
most common approach taken in studies reviewed in Chapter 4. However, psychometric
means to estimate cognitive load constructs have several potential shortcomings that may
negatively impact validity of their measurements.
Most studies in Chapter 4 utilized existing scales such as Paas’ single item17 or the NASATask Load Index (NASA-TLX)19, yet few provided any evidence for validity of those existing
scales within their particular setting. While the Paas scale is simple and easily understood
by learners it provides only a single estimate of overall mental effort. The NASA-TLX
provides more granular data, yet is more complex and might be less readily applicable to
diverse settings (negatively affecting content evidence for validity), or might not be fully
understood by participants (negatively affecting response process). Of the handful of
studies that developed a new or substantially revised instrument, very few provided
rigorous evidence for validity as recommended by Artino et al20.
Conversely, we fully followed the guidelines outlined by Artino et al to develop the CLIC and
present a detailed description of evidence for validity (Chapter 2). Developing the CLIC took
well over a year, yet this time was rewarded with an exploratory factor analysis showing a
clear three-factor structure corresponding to intrinsic, extraneous and germane load with all
items fitting into their expected factor, and confirmatory factor analysis that demonstrated
excellent fit parameters. Chapter 3 provides additional evidence that the CLIC measures
three separate constructs, as unique sets of features were associated with each cognitive
load subtype. Furthermore, the features contributing to each cognitive load subtype made
sense: features of learners and patients/tasks were associated with intrinsic load, features
of the setting and supervisor (plus learner fatigue) were associated with extraneous load,
while germane load was associated with the supervisor. Chapter 6 provides a final piece of
data supporting a strong validity argument for the CLIC. Despite small numbers, germane
load as measured by the CLIC showed a moderate correlation with teaching activities that
fellows reported as beneficial for their learning. Although other investigators have
developed psychometric instruments to estimate cognitive load subtypes in HPE workplace
settings21-30, none provided such rich validity data as the CLIC. The above considerations
permit us to conclude that the CLIC measures three separate constructs, which we believe
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correspond to intrinsic, extraneous and germane load. Lacking a “gold standard” measure
with which to compare, we cannot prove these to be the three cognitive load subtypes, yet
we believe the evidence supports this as likely. We therefore propose that a carefully and
rigorously developed psychometric instrument can be used to separately estimate cognitive
load subtypes. However, there are additional threats to use of psychometric instruments in
procedural skills research.
Any instrument intended to measure cognitive load subtypes will include multiple items that
take time and thought to answer. As opposed to cognitive tasks, which might be more
“interruptible,” pausing in the middle of an actual medical procedure for the learner to
complete a series of questions is nearly impossible. Consequently, we asked fellows to
complete the CLIC after they had finished the procedure, an approach that was nearly
universal in the studies in Chapter 4 that occurred in actual workplaces. This means that
CLIC and other ‘post-hoc’ instrument scores represent an impression of the overall amount
of cognitive load that occurred over the course of a procedure. Such post-hoc measures
may be less accurate due to forgetting or bias related to the learner’s performance (that is,
a learner who performed well may perceive post-hoc cognitive load differently than one
who struggled), and necessarily miss granular detail regarding variability in cognitive load
throughout a procedure, which was reported in a few studies in Chapter 428,31,32.
Another challenge is that the amount of time and effort needed to develop and test a new
psychometric is prohibitive for many researchers. The completed instrument is a static
entity, and if emerging evidence suggests a need to alter the instrument, the need to collect
validity evidence recurs. Furthermore, an instrument such as the CLIC (Chapter 2),
developed for a single type of procedure, is applicable only to that single procedure, limiting
overall utility. Nevertheless, considering our success developing the CLIC by adapting from
an instrument designed for an entirely different setting (statistics teaching of graduate
students33), we believe that the CLIC provides a model that could be further adapted for use
in other procedural settings, and potentially even cognitive learning settings as well.
How might psychometric instruments be more readily applied to CLT research in procedural
training settings? Single-item ratings of cognitive load might address the post-hoc concerns,
as they are brief and can be more easily used at various time points throughout an actual
procedure, yet it is difficult to know what to do with these data, as they are a summation of
multiple subtypes of cognitive load, which have varying impact on learning. Alternatively,
simulated procedures are more easily interrupted (since actual patient care is not
occurring), and so multi-item scales could be used more frequently. Indeed, 78% of studies
in Chapter 4 were of simulation. However, we assert that, for procedural skills, most
simulated environments lack adequate authenticity to fully represent the dynamics of the
various cognitive load subtypes that occur in authentic procedural settings. Although
simulation technology continues to improve, Chapters 5 and 6 suggest that many procedural
learners have significant anxiety related to performance of procedures on actual patients,
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and it is not at all clear whether CLT research in simulated procedural environments will
translate adequately to actual procedures performed on real patients.
Lacking a “gold standard” against which to compare psychometrically measured cognitive
load constructs, we rely on research reporting evidence for validity so that we can
circumstantially estimate the potential validity of each instrument. To address this and the
foregoing challenges, we see value in developing a more generalizable psychometric
instrument that can estimate cognitive load subtypes for a wide variety of HPE procedures.
There is precedent for such an approach in the NASA-TLX19 which is widely used across
numerous fields within and outside the health professions (and was used in 46 studies in
Chapter 4) and has been adapted for specific use in surgery (the SURG-TLX34). Though the
NASA-TLX is often used in CLT research, it does not estimate the cognitive load subtypes,
which we consider critical for CLT research to produce findings that are practically useful in
procedural training settings.
Despite the shortcomings of psychometric approaches, they currently remain the only
method to estimate the cognitive load subtypes and hence will be relevant for the
foreseeable future.
Secondary task approaches
When a learner’s working memory is full or nearly full, he will have diminished ability to
attend to stimuli that are not critical for the task at hand (i.e., secondary tasks). This can be
leveraged to provide an indirect estimate of overall cognitive load by asking learners to
respond to a secondary stimulus, typically auditory, visual, or vibrotactile. A learner who is
more cognitively loaded will respond less accurately and with greater delay. This approach
was used by 24 of the studies reviewed in Chapter 4 (many of which were in procedural
environments) and results generally were as predicted: less experienced learners and more
complex tasks were associated with less rapid and less accurate responses to the secondary
stimuli. This approach addresses some of the shortcomings of psychometric approaches by
interfering less with procedures (the equipment is typically unobtrusive) and can therefore
be used to assess moment-to-moment cognitive load (as in several studies reviewed in
Chapter 4). Other than equipment costs, the main downside is that secondary task
approaches only measure overall cognitive load (or mental effort), not cognitive load
subtypes, which significantly limits utility of data.
Physiologic measures
A number of physiologic measures may be used to estimate cognitive load; 19 studies
reviewed in Chapter 4 used physiologic measures such as heart rate variability, pupil
dilation, skin conductance, and electroencephalograms. Like secondary task approaches,
many physiologic measures provide moment-to-moment data, yet equipment may be
costlier and more obtrusive in the procedural environment. Functional MRI (fMRI)35 may be
considered a physiologic measure and has potential to provide rich information that might

224

imply cognitive load subtypes, yet it is very costly, can only be used with simulated tasks,
and is challenging to use for many procedural tasks given physical constraints of the fMRI
equipment. However, efforts exist to develop fMRI-compatible equipment to simulate
more complex tasks like laparoscopic surgery36.
Qualitative measures
Only one study reviewed in Chapter 4 sought to assess cognitive load qualitatively37.
Although CLT constructs are intuitively quantifiable, qualitative approaches may address
threats to validity inherent in quantitative instruments, particularly related to response
process and the challenges of quantifying abstract processes of the working memory. We
used qualitative methods in Chapter 6, not to measure cognitive load, but to determine
directionality of impact that teaching activities had on procedural learners’ cognitive load.
We used simple terminology to ask these questions, asking how teaching helped the learner
complete the task (intrinsic load), learn from the task (germane load), and focus or minimize
distractions during the task (extraneous load). We found it straightforward to classify
participants’ responses and had excellent agreement amongst coders. Evidence for validity
of the approach was provided by correlating perceptions of germane load impact with
measured germane load. The small sample size prevented us from performing further
confirmatory statistical tests, but we believe Chapter 6 supports a role for qualitatively
assessing cognitive load and its subtypes in future research.
Centrality of cognitive load subtypes
This thesis focuses throughout on subtypes of cognitive load. Like others38,39, we consider
the ability to measure subtypes, rather than simply overall cognitive load, as critically
important for furtherance of CLT and to provide practical information for designing targeted
interventions to promote balanced cognitive load in procedural training settings. Overall
cognitive load (or mental effort or mental workload) are crude measures, considering the
diverse activities that the working memory can engage in, and the divergent impacts of
each. It does not make sense to lump together three different constructs with very
different impacts: germane load promotes learning, while extraneous load interferes with
learning, and intrinsic load can be either beneficial for learning (when matched to the
learner’s level of experience) or detrimental (if too high or too low). Understanding how an
element of a learning environment affects one of the cognitive load subtypes will much
more effectively help the procedural teacher develop and test a potential solution than
simply knowing how overall cognitive load is affected. Despite the importance of cognitive
load subtypes, only eight of the studies in Chapter 4 attempted to measure them (and two
of those eight studies are reports of the research described in Chapters 2 and 3 of this
thesis). Furthermore, less than one-quarter of studies even mentioned any of the cognitive
load subtypes! This reflects that most of the world’s literature regarding cognitive load in
workplace learning has tended to leverage the concept of cognitive load narrowly as an
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outcome to compare two or more educational conditions, rather than as a theoretical lens
to promote understanding of how to teach and learn in these complex environments.
This thesis provides empirical data supporting the relevance of cognitive load subtypes to
procedural learning. Chapter 2 supports separate identities for the three constructs we
measured. If we had measured only overall cognitive load in Chapter 3, we would not know
how to interpret the resulting model. In Chapter 5 we found that teachers of GI endoscopy
use a wide variety of teaching strategies, each of which had clear relevance for one of the
cognitive load types. This guidance helps procedural teachers know when to use particular
teaching strategies. If a learner is struggling to complete the essential task (i.e., intrinsic
load is very high), a teaching strategy aimed at reducing intrinsic load is appropriate, not a
strategy to reduce extraneous load. If a learner doesn’t seem to be “putting the pieces
together” (i.e., germane load is low) during procedural learning, asking clarifying questions
(which promotes germane load) might be more useful than physically assisting with the
procedure (which reduces intrinsic load). Such differential effects were confirmed in
Chapter 6, where fellows perceived divergent effects of various teaching activities on
cognitive load subtypes. Clearly, the tenets of CLT are based on its subtypes and should be
of primary focus in CLT-related HPE research.
As noted above, though, measuring cognitive load subtypes is more challenging than
measuring overall cognitive load. When then should we consider overall cognitive load?
Overall cognitive load may be a useful outcome to measure in experimental research,
wherein a single change is made, for example to the learner’s or teacher’s approach, to the
task, or to the learning environment. If only a single factor is modified, and the likely
cognitive load subtype impact is predicted, then differences in overall cognitive load
between conditions can be inferred to relate to that particular subtype. This was the case
for a number of studies reviewed in Chapter 4, in which the inferred cognitive load subtype
was often evident. Another potential use of measuring overall cognitive load is to identify
learners who are cognitively overloaded. This is particularly important for procedural
environments, where a mistake made by an overloaded learner could cause immediate
physical harm to the patient. In such a case, the source of cognitive overload is not
immediately pressing; the procedural supervisor simply needs to recognize the overloaded
state and intervene.
What is germane load?
Germane cognitive load is not part of CLT’s earliest descriptions10, but is a more recent
addition, based on the hypothesis that simply reducing extraneous load would not
automatically lead to learning; rather, learners must engage in activities that promote
schema formation and revision40,41. Since its introduction, scholars have debated whether
germane load should be considered a unique form of cognitive load, or as an aspect of
intrinsic load13,42,43. Leppink in particular has argued strongly for the latter
conceptualization43-45. Because germane load includes activities that promote learning, the

226

best evidence for its uniqueness would be strong correlation with learning (or performance
as a proxy for learning), as suggested Naismith and Cavalcanti in a letter to the editor
responding to the research presented in Chapter 246. Unfortunately, few studies have
examined associations between germane load and learning or performance. More than half
of Leppink’s experiments identified three-factor solutions for cognitive load, yet measured
germane load was not associated with measures of learning33,47. Debue et al studied
hypermedia learning, finding inverse association between germane and extraneous load, no
association between germane and intrinsic load, and positive association between germane
load and motivation; germane load was not associated with performance48. In both
Leppink’s and Debue’s work, little time passed between measurement of germane load and
assessment of learning. It takes time for schemas to be formed and stored in long-term
memory (hence the benefit of spaced learning over massed learning49), and so the short
interval might account for lack of correlation between germane load and learning.
Alternatively, the high cognitive load of the learning activity in those studies could have led
to a period of “working memory resource depletion,” which was shown to manifest as a
decrement in performance immediately following a prolonged period of mental effort in an
experimental primary school setting of massed versus spaced learning50; this concept was
discussed in a recent narrative review of CLT by Sweller, van Merriënboer and Paas51. Either
way, we suspect greater delay is needed between measurement of germane load and
assessment of performance.
Relationship to other variables is only one piece of validity evidence among many, which we
argue should not be considered superior to other forms of validity evidence in a modern
conceptualization of validity52,53, and, furthermore, learning is only one other variable of
relevance. Chapter 2 provides strong evidence for validity of the CLIC, which clearly
identified a three-factor structure consistent with separate identities for intrinsic,
extraneous and germane cognitive load. Chapter 3 provides additional evidence for three
types of cognitive load based on relationships to numerous variables other than learning.
Chapter 4 reviews six studies that examined germane load (two of which were published
versions of Chapter 2 and 3). Of the four others, three supported germane load as a
separate construct23,30,54, while one did not29. Chapter 6 shows correlation between
activities expected to promote germane cognitive load and measured germane load.
Because all of our research was performed in, and focused on, workplace settings
(particularly procedural skills settings), it would be incredibly challenging to show a clear
correlation between germane load and performance. Procedural learners rapidly gain skills
and knowledge from numerous activities across training programs, and so correlating
learning or performance with a single or even several measurements of germane load
among such learners is illogical. Experiments among true novices (for example, Leppink’s
research47) address this issue, yet translation from simulation among novices to actual
procedures performed by somewhat experienced learners may be limited. When planning
this thesis research, we originally considered an experimental study design using an
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endoscopy simulator with novices. However, we were concerned that translation to
authentic complex workplace procedural settings might be limited, and so we chose instead
to perform the research described in Chapter 6, the results of which we feel are much richer
and relevant to actual procedural skills training in the health professions than a study of
simulation would have been.
We conclude that more data support than refute germane load as a separate type of
cognitive load, and we appreciate the clear content validity of its separateness13. Intuitively,
a motivated learner who uses strategies to promote schema formation should learn more
(i.e., have greater germane load) when performing a task when compared with a learner
who has identical prior experience yet who lacks motivation to learn and/or skills to
promote schema formation. Despite lack of strong correlations between measured
germane load and learning, a great deal of other evidence points to separateness, as
described above. Of equal importance is that there exist teaching strategies that can be
used to promote germane load independent of intrinsic or extraneous load, both
generally55,56 and in procedural settings (Chapters 5 and 6).
Leppink proposed that germane load is better conceptualized as “working memory
resources allocated to dealing with intrinsic load”44. We agree that germane load does
indeed represent working memory resources allocated to dealing with intrinsic load, as this
another way to describe schema formation and revision. However, we argue that this
complex label may downplay the vital importance of germane load for learning, and that
there are ways to promote germane load other than optimizing or titrating intrinsic load.
Accordingly, we recommended continued use of the term “germane load,” recognizing its
close relationship with intrinsic load. Despite its importance, germane load remains
understudied, as demonstrated in Chapter 4, where only 19% of the 116 reviewed studies
even mentioned the term “germane load”, and we see great importance of dedicated study
of germane load, particularly within procedural skills settings and other workplace settings
in HPE, given the complexity of learning in these settings.
Contributors to cognitive load in procedural skills training
Chapter 4 confirms that relatively little research has applied CLT broadly to study procedural
skills training in HPE – though multiple studies of procedural HPE settings were identified,
most leveraged the concept of cognitive load, mental effort or mental workload superficially
as a single outcome for comparing two or more procedural training conditions. Those
studies promoted little understanding of factors that could impact different types of
cognitive load, and did not substantially inform how CLT might be leveraged to improve
procedural skills teaching and learning. The original research in this thesis contributes to
these two important topics. In this section we discuss contributors to each cognitive load
type and in the next section we address practical considerations for optimizing cognitive
load among procedural learners.
Intrinsic load
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Our research supports a traditional understanding of intrinsic load, which arises from
completing the essential elements of a task. Chapters 2 and 3, plus the vast majority of
studies reviewed in Chapter 4, strongly support that intrinsic load will be higher when tasks
are more complex and/or learners have less experience, familiarity and knowledge; this
holds true for procedural settings. Studies in Chapter 4 nearly universally found higher
intrinsic load in complete versus partial tasks, actual versus simulated tasks, unfamiliar
versus unfamiliar tasks, and less experienced versus more experienced learners. These
strong and intuitive associations are incontrovertible, and we conclude that no further study
of these links is warranted.
Our research does shed novel light on specific task elements that may contribute to intrinsic
load in procedural skills settings. Each procedure in HPE includes a series of partial tasks,
both cognitive and psychomotor, that must be completed in sequence and/or
simultaneously to accomplish the full task. When designing intrinsic load items in the CLIC
(Chapter 2), we deconstructed these tasks in consultation with other endoscopy experts,
resulting in a roughly equal split between cognitive and psychomotor tasks, which exhibited
similar factor loadings. This suggests that cognitive tasks may contribute to intrinsic load of
procedural skills as much as psychomotor tasks. Chapter 5 suggests teachers recognize the
importance of both, as many discussed learner challenges and teaching strategies related to
both psychomotor and cognitive tasks. However, both Chapters 5 and 6 suggest learners
may be more focused on the psychomotor aspects.
A combined cognitive and psychomotor task that was perceived as a major contributor to
task complexity by teachers (Chapter 5) and learners (Chapter 6) alike was understanding
how the colonoscope should feel, and interpreting that haptic and tactile feedback to
generate a mental model of what was happening inside of the patient. This is a particular
challenge for GI endoscopy procedures because the instruments are long (up to 2 meters)
and flexible and can take on very complex looped configurations within the patient57. At the
same time, the endoscopist’s senses are limited to the cross-sectional two-dimensional
video information (visual) and the feel of the instrument (tactile) to use as data for
developing a mental model of instrument configuration. Similar challenges occur in a wide
array of procedural settings, such as laparoscopic surgery, endovascular interventions (like
cardiac catheterization), imaging-guided biopsy, lumbar puncture, or ultrasound-assisted
placement of a central venous catheter. Each of these procedures (and countless others)
involves limitations in sight and/or touch, increasing learners’ challenges to develop mental
models of what is happening inside the patient whose bodily defenses they are invading.
The association between fatigue and intrinsic load (Chapter 3) was a novel finding with
broad implications for systems considerations, curricular design and direct teaching. While
fatigue does not alter the actual task complexity, it may alter a learner’s perception of
complexity by diminishing the ease of retrieving existing schema from working memory.
Although we did not assess performance, fatigue is known to negatively affect HPE trainee
performance in clinical settings58. Another unique finding was that year in training and prior
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colonoscopy experience were independently inversely associated with intrinsic load. This
suggests there are procedural learning opportunities outside of the procedural suite. While
simulation provides well-described procedural learning benefits59, there are likely numerous
other opportunities, both cognitive (e.g., lectures, case discussions, observing others
perform procedures) and sociocultural (i.e., as a learner becomes enmeshed in the
procedural culture, they may develop and refine procedural schemas).
Extraneous load
Extraneous load occurs whenever learners utilize working memory resources to think about
or focus on anything that does not promote task completion or learning. Studies reviewed
in Chapter 4 investigated how data presentation, task standardization, multi-tasking, time
pressure, and emotion could contribute to extraneous load. Though most of those studies
were not in procedural settings, these sources of extraneous load are probably relevant to
procedural learning.
Our research suggests that extraneous load is relatively minimal in GI endoscopy suites; in
both Chapters 2 and 6, extraneous load as measured by the CLIC was numerically lower (1.8
in Chapter 2, 1.6 in Chapter 6) than intrinsic (3.1 and 3.0, respectively) or germane load (5.0
and 4.5, respectively). The low extraneous load scores likely reflect that the CLIC focuses on
external sources of distraction; we included only one internal distraction item in the CLIC
which did not meet inclusion criteria during factor analysis. External distractions may be
minimized in the GI endoscopy suite, which most often involves elective, ambulatory
procedures lacking the urgency or chaotic nature of an emergency procedure. Indeed,
teachers (Chapter 5) and learners (Chapter 6) alike felt there was not much extraneous load
from external sources. Teachers (Chapter 5) suggested endoscopy learners might have
more internal sources of extraneous load, such as negative emotions, low self-efficacy,
worries about competing demands (i.e., consult service patients to be seen), and stress
related to the relationship between the teacher and the learner, but these were rarely
mentioned by learners (Chapter 6). Internal sources of extraneous load in procedural
settings warrant further study.
Teachers have long been considered a potential source of extraneous load. Classic instances
of extraneous load have been described in classroom settings, such as when the lecturer’s
slide content does not match what he is talking about, or when figures or animations are
excessively complex or distracting60. In such cases, students engage in unproductive
cognitive processing to try and disentangle the mismatch between their auditory and visual
channels; this limits their ability to listen to the lecturer and form/refine learning schemas.
Our research confirms that teachers can induce extraneous load, and identifies both familiar
and novel types of teacher-induced extraneous load. A familiar source is unclear or
confusing instructions, which are essential elements of the CLIC (Chapter 2) and are not
surprising. What is novel is that when learners in Chapter 3 perceived their teacher to have
low confidence or to be less engaged, they had increased levels of extraneous load. This
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reflects the high stakes of HPE procedures and the great dependence of the learner on the
teacher. A learner’s lack of faith in their teacher’s procedural skills or teaching may be a
source of distraction or negative emotions that could contribute to extraneous load.
Chapter 6 reveals a novel source of teacher-induced extraneous load that was not identified
in the studies reviewed in Chapter 4. Several participants in Chapter 6 reported the amount
and intensity of the teacher’s instruction contributed to extraneous load. In these cases, the
teacher narrated almost continuously during the observed colonoscopy, using up to 3.3
teaching strategies per minute (more than one every 20 seconds!). When procedural
learners have already reached full working memory capacity managing the essential task
demands, even “good” teaching can adversely affect learning by inducing extraneous load.
While this might occur in any complex teaching situation, it might be more likely in
procedural settings given the dual-task demands of cognitive and psychomotor learning,
and is a potential major hindrance to procedural learning.
Intrinsic versus extraneous load
Most research treats intrinsic and extraneous load as being easy to differentiate from one
another. As described earlier, intrinsic load occurs when learners use working memory to
accomplish essential task elements, whereas extraneous load occurs when learners use
working memory to attend to internal or external stimuli that are not essential to task
completion. Put another way, intrinsic load represents productive processing, whereas
extraneous load is unproductive processing18. However, as Kalyuga and Singh describe,
whether a task is essential or non-essential, and whether cognitive load is productive or
unproductive, depends on the learning goals18. Since learning goals change over time as
learners develop competence, certain aspects of procedural learning environments may
have differential contributions to cognitive load depending on the learner’s level of training.
For example, the chaos of the intensive care unit may be considered a distraction to an early
medical intern who is only beginning to learn central venous catheter placement technique.
However, a critical care fellow who is nearing graduation should be able to manage the
multiple stakeholders in the intensive care unit setting, while at the same time placing a
central venous catheter. Hence, the procedural environment could be considered a source
of extraneous load for the early learner but a source of intrinsic load for the advanced
learner, and instructional techniques for the two should differ. In our research we were
able to fairly easily parse out intrinsic versus extraneous load, possibly because we mostly
focused on early procedural learners. Likewise, few studies reviewed in Chapter 4 focused
on the cognitive load of more advanced learners. Because balancing cognitive load and
promoting learning among advanced learners is equally important as among early learners,
we propose this as a fruitful area for future study.
Germane load
The few studies reviewed in Chapter 4 that focused on germane load were quite limited.
Other than the research reported in Chapters 2 and 3, none of the studies investigated
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factors associated with germane load; the few identified were focused on teaching
strategies and design of practice.
Of all the items in the CLIC, we found the germane items most difficult to develop (Chapter
2). Ultimately, we selected wording that reflected perceived mental effort applied to
learning the essential demands of colonoscopy. Despite the similarity in wording to the
intrinsic load items and positive correlation with intrinsic load, the germane load items
loaded separately from intrinsic load, and we found unique factors associated with each
(Chapter 3). The lack of association between prior experience or year in training (Chapter 3)
suggest that learners of all levels can continue to build and refine procedural skills schemas
throughout training, and despite distractions and fatigue (which were not associated with
germane load). Chapter 3 also confirms the importance of the teacher in promoting
germane load and learning, as supervisor engagement was positively correlated with
germane load. Chapter 5 highlights systems issues that may interfere with germane load:
inadequate teaching skills and variation in teachers’ teaching approaches and demands,
while Chapter 6 suggests that excessive verbal teaching can interfere with germane load.
In Chapter 5 teachers reported characteristics of procedural learners that they felt might
interfere with germane processing. Some learners were reported to have a goal-orientation
that prioritized performance over learning. That is, learners were less concerned with
having good technique or understanding how to do a colonoscopy; rather, they just wanted
to get the colonoscopy completed quickly and efficiently. Other learners were reported to
have low self-efficacy, which reduced their receptiveness to teaching and negatively
impacted learning. However, we were not able to investigate how either of these actually
affected learner cognitive load (Chapter 6), as we did not consider self-efficacy observable,
and we observed no instances of promoting a mastery goal orientation.
Teaching and curricular approaches to promote balanced cognitive load in procedural
skills training
This thesis seeks to provide practical recommendations to promote the goals of CLT in
procedural settings: to match/optimize intrinsic load to the level of the learner, to minimize
extraneous load, and to promote germane load which leads to learning. Unlike many
cognitive tasks (such as clinical reasoning), procedural skills usually occur within a discrete
period that has a clearly defined beginning and end. We use this as a framework to broadly
consider how to promote balanced cognitive load during actual procedural skills teaching
sessions (Figure 1). We additionally refer the reader to Table 4 in Chapter 3, and Table 4 in
Chapter 3, both of which outline practical recommendations in more granular detail. In this
section we will discuss practical recommendations for direct teaching, followed by
suggestions for curricular development.
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• Become familiar
with learner
• Set expectations
and discuss goals

Before
procedure

During
procedure

• Observe and
monitor
• Don't over-teach
• Teach when
learners can listen

• Debrief and teach
concepts

After
procedure

Figure 1. General recommendations to optimize cognitive load before, during and after
procedural teaching.

Direct teaching to promote balanced cognitive load
Before procedure: Become familiar with learners’ experience and competence
Because procedural skills take a long time to learn and learners progress at different rates,
procedural teaching should be modulated based on the learner’s experience and
competence. In Chapter 6, learners reported that when teachers taught material that was
too complex, it contributed to feeling overloaded (likely due to a combination of intrinsic
and extraneous load). Yet, when teaching was too simple, it failed to promote germane
load. The latter finding likely relates to the expertise reversal effect56; that is, “overteaching” more advanced learners can actually interfere with learning. These learners
should be afforded more autonomy (as supported by Chapter 6).
Teachers may have limited familiarity with learner experience and competence in systems
where the same teachers and learners do not routinely perform procedures together for
extended periods of time. Chapters 5 and 6 underscore methods for faculty to familiarize
themselves with their procedural learners’ level of expertise, including checking in with the
learner prior to a procedural session to ask about experience and procedural progress todate, discussing learners’ progress with colleagues (Clinical Competency Committees as
mandated by the Accreditation Council for Graduate Medical Education61 are a great forum
in addition to informal discussion with colleagues), and using routinely collected formative
and summative data (e.g., evaluation and examination results). Probably the most efficient
among these is a simple check-in before a procedure or procedural session, and a period of
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observation without intervening (also described in Chapter 5) to assess a learner’s
procedural skill level. These simple activities may help the teacher understand the learner’s
abilities, which in turn may guide their teaching along a developmental continuum (Chapter
5), including how they describe concepts, what terminology they use, what portions of the
procedure they let the learner do, and how long they permit the learner to struggle. This
should benefit intrinsic and germane load goals.
Before procedure: Set expectations and discuss goals
Unmet expectations are a major source of distress in life, and procedural skills training is no
exception. When a learner expects to play a major part in a procedure but is relegated to a
minor role, it leads to negative emotions that can induce extraneous load and reduce
capacity for germane load and learning. Procedural teachers are advised to briefly discuss
expectations for each procedure or procedural session, including what portion of the
procedure a learner will likely perform, in what circumstances the teacher will likely take
over, any portions of the procedure expected to be particularly challenging, and any
relevant time constraints62,63. Teachers in Chapter 5 reported using this strategy, and
learners in Chapter 6 reported it decreased extraneous load and increased germane load.
Discussing a learner’s goals for a procedure or session can help the teacher know where to
target at least some of their teaching; learners in Chapter 6 reported this promoted
germane load. The expectation-setting discussion can also illuminate and potentially
mitigate competing demands for the learner.
During procedure: Observe and monitor
The associations between teacher engagement and extraneous and germane load (Chapter
3) may owe to teachers observing learners’ competence and monitoring learners’ degree of
cognitive load or overload to modulate their teaching. Teachers in Chapter 5 reported that
an initial period of quiet observation to assess a learner’s skill level was useful to help guide
their teaching along a developmental continuum. Some were able to notice when the
learner appeared overwhelmed and used that as a stimulus to adjust their teaching, or to
take over the procedure. Learners in Chapter 6 perceived cognitive load benefits when
teachers taught to their current stage in learning and when teachers responded to their
feelings of cognitive overload. When a procedural teacher is unaware of these factors,
teaching is likely to overwhelm the learner or to provide no extrinsic motivation for learning
(both described in Chapter 6). The period of observation may also promote a sense of
autonomy, which learners felt promoted germane load (Chapter 6).
During procedure: Don’t over-teach
Teaching excessively was universally perceived as negatively impacting both extraneous and
germane load. Excessive teaching overloads learners’ working memories and does not
afford them space to develop and test their own solutions, which should promote germane
load. Conversely, provision of autonomy was the teaching activity most universally
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appreciated as promoting learning by learners in Chapter 6, as it provided time and space
for them to determine on their own what was happening and to experiment with different
methods (both of which promoted germane load) and reduced distractions from the teacher
talking excessively (which reduced extraneous load).
During procedure: Teach when learners can listen
As underscored throughout this thesis, procedural training settings place learners at
substantial risk of cognitive overload, and so procedural teachers are advised to take
advantage of moments when the learner’s working memory is not overloaded. Our
research identifies two such intra-procedural periods. First is during takeover. Teachers
reported using the takeover period as an opportunity to teach (Chapter 5) and learners
reported being able to listen and engage in activities promoting germane load during the
takeover period (Chapter 6). Setting expectations as described above may diminish negative
emotions that learners can experience when the teacher takes over (Chapter 6). Teachers
in Chapter 5 also reported advising learners to stop all motor activity and listen to
instruction as a way to reduce working memory load and teach, but the impact on learners
is unknown, as this strategy was not witnessed during actual observed colonoscopies
(Chapter 6). This approach is aligned with the concept of “slowing down when you should”
as articulated by Moulton et al64. Prompting learners to slow down (or stop) and listen may
help cue them in and develop this aspect of expertise.
After procedure: Debrief and teach concepts
The post-procedure period represents a key opportunity to check in with the learner, when
they have available working memory capacity to discuss key learning points from the
procedure. This is an ideal time to promote beneficial schema formation and refinement,
yet seemed underutilized in Chapter 5 (where few participants discussed it) and Chapter 6
(where it was rarely observed). When it did occur in Chapter 6, learners found it universally
beneficial for promoting germane load. The post-procedural period is a time where
teachers and learners can debrief and discuss multiple aspects of the procedure, including
cognitive, psychomotor and clinical decision-making. Spending just a few minutes of time
afterwards (as observed in Chapter 6) may contribute substantially to learners’ schema
formation and refinement. Of course, systems barriers, such as keeping up with a busy
clinical schedule, may reduce time available for such debriefing. Additionally, the teacher
should assess the learner’s readiness to debrief, since learners may experience a period of
working memory resource depletion following an intensive learning encouter50,51.
Curricular design to promote balanced cognitive load
While individual teachers have opportunities to improve cognitive load when teaching
procedures, educational leaders may also leverage training curricula, particularly in postgraduate settings, to promote balanced cognitive loads among their learners. Most of these
recommendations derive from the studies reviewed in Chapter 4.
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Procedural training programs may take several steps to reduce risk of overwhelming
intrinsic load, particularly among early procedural learners, as lower level of training was
consistently associated with higher intrinsic load. Technical skills training should be
scaffolded, starting with partial tasks of low complexity and progressing gradually to partial
tasks of higher complexity, and eventually to full authentic tasks. The most clearly
articulated curricular design approach that focuses on managing intrinsic load is van
Merriënboer’s four-component instructional design (4C/ID) method65. This method seeks to
deconstruct complex tasks to provide a scaffolded approach with progressively more
complex tasks and decreasing levels of instructional support, such that the learner can
eventually complete an entire complex task autonomously. The four components are:
learning tasks (which are sequenced to progress from simple to complex and involve
assessments of learning), supportive information (the baseline information that is provided
as foundational for all learners, timed developmentally), procedural or “just-in-time”
information (which guides learners during actual procedural learning, including corrective
feedback and decreases over time), and part-task practice (which promotes deliberate
practice leading to automaticity). Several examples of using 4C/ID in cognitive HPE learning
settings have been published, including case-presentation skills66, evidence-based medicine
training67, clinical reasoning in dentistry68,69, communication skills in nursing70, and
qualitative HPE research methods71. We identified only one example of procedural skills
training using 4C/ID (related to simulated nephrostomy tube placement training72), yet we
appreciate great potential impact of studying how 4C/ID could apply to procedural training.
Notably, several teaching strategies described by experienced endoscopy teachers (Chapter
5) were well-aligned with 4C/ID. Teaching along a developmental continuum aligns with
supportive and procedural information, motor instruction is an example of procedural
information, technical assistance and take-over are partial task approaches, and schema
teaching provides procedural and supportive information. These are teaching approaches
rather than curricular, but we mention them here as they relate to 4C/ID. Additional
curricular approaches supported by Chapter 4 to reduce intrinsic load include also relate to
the four components of 4C/ID: use of simulation, standardizing common tasks, and
scaffolding curricular elements. We recommend further application of 4C/ID to procedural
skills curriculum development and assessment.
Curricular approaches to reducing extraneous load largely related to monitoring for, and
responding, to learner fatigue, and reducing environmental distractions. Chapter 3, plus
two studies in Chapter 421,22, documented that fatigue was associated with increased
extraneous load, suggesting we should closely monitor procedures performed by learners
who are post-call, or who have been working excessive hours, or have other reasons for
fatigue. The positive association between queue order and extraneous load (Chapter 3)
suggests this is particularly critical near the end of a procedural session. While we found
relatively little role for environmental distractions in our empirical research (Chapters 3, 5
and 6), some studies reviewed in Chapter 4 support these as important sources of
extraneous load in workplace environments27,73. These were not performed in procedural
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settings, but it is intuitive that such distractions exist in some procedural environments and
should be systematically addressed. In one of the few translational studies we identified,
reengineering a radiology workplace environment reduced extraneous load and increased
satisfaction74.
Finally, neither our studies nor those reviewed in Chapter 4 addressed curricular or systems
approaches to promoting germane load (other than optimizing intrinsic load and reducing
extraneous load, which provides space in working memory for activities promoting germane
load). However, we speculate that providing learners with supportive information about
CLT and metacognition could be useful to promote germane load.

FUTURE DIRECTIONS
The work in this thesis reveals several areas that are important if future research is to
further our understanding of how to best teach HPE procedures.
Treatment of CLT in HPE research
We perceive that CLT has been applied to HPE research in a very reductionist manner, based
both on the studies reviewed in Chapter 4, and other CLT research in non-workplace HPE
settings. A great deal of research has focused on quantifying cognitive load and its subtypes
and on simple characterization of the overall cognitive load associated with two or more
learning conditions. Conversely, little research has investigated how we should actually be
thinking about CLT within HPE, particularly in procedural skills and other workplace settings.
Little research has investigated what factors impact cognitive load, how learners experience
cognitive load, whether teachers understand cognitive load, and how we can leverage
systems, curricula and direct teaching to optimize cognitive load. We perceive that other
theoretical frameworks are treated much more broadly in HPE research. The reductionist
treatment of CLT may owe to its underpinnings in cognitive psychology, which tends to be
experimentally-oriented (indeed, nearly 50% of studies in Chapter 4 were experimental!),
and the inherently quantifiable nature of CLT.
While we agree that measuring cognitive load is very important (hence Chapter 2), we
appreciate a need to progress to more qualitative and mixed methods research approaches
to better understand what CLT means and looks like in complex HPE workplace settings in a
more constructivist way. Little such research exists – only 10% of studies in Chapter 4 used
mixed methods or qualitative designs. This was the impetus for Chapters 5 and 6, which are
unlike any study we identified in Chapter 4, and, we believe, make significant progress to
understanding CLT in procedural skills settings. We additionally propose more translational
studies to assess impact of curricular innovations and teaching strategies on learners’
cognitive load.
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Furthermore, CLT provides a very specific and relatively narrow lens through which to view
HPE learning, and it could be informed by considering relationship between CLT and other
learning theories. In particular, as we learn more about how emotion and relationships
impact cognitive load51,75-77, sociocultural learning theory78 become relevant. We
appreciate potential benefit of approaching “wicked problems” in medical education79 by
simultaneously considering perspectives of multiple learning theories80.
Additionally, while the research in this thesis focuses on how procedures are taught and
learned from a cognitive perspective, a burgeoning body of literature addresses how
cognitive processes are embodied within actual physical learning environments. Theories of
embodied cognition emphasize that, because of the interconnectedness of the mind, body
and environment, bodily experiences influence cognitive processes81. In other words, the
mind does not process cognitive information in a vacuum, but, rather, within the context of
sensorimotor experiences which occur in physical learning environments82. This suggests
that learners’ struggles to understand complex psychomotor maneuvers, or how to
interpret and act upon tactile feedback from a surgical instrument or endoscope, are not
purely cognitive challenges, but are challenges of embodied cognition. Procedural
environments offer among the most intense sensorimotor experiences within all of HPE,
and those physical experiences likely affect cognitive learning. Our interviews with
endoscopy teachers (Chapter 5) and learners (Chapter 6) suggest this to be the case. We
agree with van der Schaaf, Bakker and ten Cate that procedural learners need to develop
and refine “motor-action neural circuits”81, and we further propose that development of
such circuits probably represents a form of germane load. Overall, we appreciate strong
potential synergy between CLT and embodied cognition, and we hope future research will
integrate these two theoretical frameworks.
Identifying overloaded learners
Through the course of the research in this thesis, we have discussed CLT with numerous
teachers and learners in various HPE settings, and we have found that most seem to
resonate with its central concepts and tenets. We recently designed and implemented a
workshop in which teachers applied CLT to their own HPE teaching settings and the variety
of situations in which they perceived relevance was extraordinary (data currently being
analyzed). In other words, we have found that CLT makes sense to HPE teachers and
learners, and yet we do know very little about how to practically identify overloaded
learners during actual procedural training. In Chapter 5, teachers described a few cues that
learners were overloaded – repeating the same motor movement without success, not
trying anything new, lack of responsiveness to instruction, verbal utterances, and
purposeless motor movements – yet none of them articulated specifically seeking to
identify overloaded learners. In Chapter 6, no learners reported that they felt overloaded,
though the observing author (the author of this thesis) anecdotally perceived evidence of
overload during some observations (including body language and verbal utterances). In
Chapter 4, only one study addressed learner awareness of their own cognitive overload83.
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Learners and teachers alike must be able to monitor for, recognize, articulate, and act upon
cognitive overload during procedural skills training. This is crucial to meet needs of all
stakeholders – not only learners, but also teachers, patients, and healthcare systems.
Research has suggested that secondary task and physiologic approaches may be used to
identify overloaded learners84-86, but such approaches are generally not practical for actual
procedural skills training in the workplace.
Hence, we recommend that future research focus on: how teachers and learners can
recognize when learners are cognitively overloaded, ways for teachers and learners to
communicate overload, and teaching approaches (beyond simply taking over, though that is
sometimes needed) to reduce and rebalance cognitive load. We suspect that a qualitative
approach is the best way to initiate this line of research. Additionally, though some modern
HPE curricula are beginning to teach HPE students about the learning sciences87, most HPE
learners and teachers likely have little to no training regarding how they should learn.
Teaching learners and teachers about CLT and metacognition88, and how to apply these
concepts to HPE teaching and learning (both procedural and otherwise), could help both
teachers and learners identify when cognitive overload occurs.
Learning and performance
Scholars propose that studying CLT without measures of learning and performance
diminishes theoretical and practical impact43,44,46. While this viewpoint has legitimacy, we
suggest it may derive from the cognitive psychology origins of CLT. In psychology research,
experimental designs are of paramount importance, study subjects (i.e., undergraduate
students) are plentiful, and tasks for which participants will have little prior experience are
readily available. None of these conditions is easily met in HPE settings, particularly
procedural settings. Experimental studies necessarily require the ability to control most
aspects of the study environment. In HPE, such control is possible only in simulated
settings; workplace settings have numerous stakeholders that prevent altering the setting to
meet experimental demands. Although there is benefit from studying simulation, we assert
that most procedural skills simulations are unlikely to closely approximate the actual
cognitive and sociocultural complexity of a real procedural setting; this assertion is
supported by the very narrow scope and objectives of most of the studies reviewed in
Chapter 4, 78% of which were entirely simulation-based. Furthermore, with each
progressive level of training, the number of trainees in a given program diminishes.
Consider for example, the training program with which the author of this thesis is affiliated.
The University of California San Francisco has one of the largest gastroenterology training
programs in the United States, which amounts to only 6 trainees per class. It is for this
reason that we sought a national subject pool for Chapters 2 and 3, yet such large-scale
studies are largely limited to survey-based designs. Multi-center efforts can increase
participant numbers, but such collaborations are challenging to achieve. Finally, because
HPE learners rapidly progress in knowledge and experience, it is difficult to recruit
participants who are truly novices for whom the learning or performance impact of
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experimental conditions can be reliably attributed, but who are ethically permitted to
perform a real procedure on an actual patient.
Considering these challenges of HPE research, we return to the question of learning and
performance. We assert that the body of work detailed in this thesis, including the review
in Chapter 4 (which includes 116 studies), plus other research not performed or described
here, clearly supports the relevance of CLT to HPE teaching, including procedural skills
training. We further assert that the theoretical basis for CLT and the primary identities of
intrinsic, extraneous and germane load (or working memory resource allocated to dealing
with intrinsic load43) are well-supported as defined in this thesis and by other
research23,38,48,54,89-91. Therefore, although measures of performance and learning are
certainly of interest, we argue that they are not mandatory for workplace HPE research in
studies that are otherwise well-designed.
For those interested in learning and performance as they relate to CLT, one way to study
them in authentic procedural training settings would be to assess cognitive load (ideally
subtypes) and performance longitudinally over the course of training to determine how
levels of intrinsic, germane and extraneous load are associated with learning and
performance. However, such a study design would have to be quite focused and
reductionist, and if no specific teaching strategies are studied, the practical implications
might be limited.

STRENGTHS AND LIMITATIONS
The research in this thesis has a number of strengths. It follows a logical progression from
measurement of cognitive load to factors associated with cognitive load to teachers’
idealized strategies to actual teaching activity use and learner impact; in other words, from
theoretical to practical. The BEME review is intentionally positioned as the middle study to
help translate theoretical knowledge to more applied, practical studies. The research
addresses CLT and procedural skills training from multiple viewpoints, including learners
(Chapters 2, 3 and 6), teachers (Chapter 5) and the literature (Chapter 4) and using diverse
methods (quantitative, qualitative, and mixed methods). Chapters 2 and 3 involve what can
truly be considered a nationally representative sample of gastroenterology trainees in the
United States, while Chapters 5 and 6 hone in on in-depth experiences of procedural
teachers and learners. The in-depth observations in Chapter 6 provide a unique vantage
point to link actual teaching to perceived cognitive load impact. Finally, we strove for a high
level of theory integration92 throughout, supporting validity of both theoretical and practical
implications that we derived.
There are limitations to this research as well. Other than Chapter 4, we focused on a single
procedural setting – gastrointestinal endoscopy. However, we considered the study of
numerous different procedural settings to be too diffuse and heterogeneous to yield firm
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results. As we have argued, gastrointestinal endoscopy is an ideal exemplar procedural
setting in which to study CLT, for numerous reasons, and we believe that most lessons
learned are readily generalizable to a wide variety of procedural settings. Additionally,
Chapter 4 delivers contributions from a wide range of training settings, both procedural and
cognitive, within and outside of the health professions. We measured cognitive load
subtypes using a post-hoc summative approach (Chapters 2, 3 and 6). This was imperative
to accomplish our research goals given the great importance of understanding the cognitive
load subtypes, and it was the only method feasible for recruiting a large nationally
representative sample of learners. Furthermore, since all cognitive load measurement
methods have limitations, and there is no gold standard, as discussed earlier, we find this
approach to reasonable. We did not collect measures of performance or learning, yet as
described above we do not feel these to be crucial. Finally, we focused on procedural skills,
yet from a cognitive perspective, and so we did not closely examine how actual technical
skills are developed, refined, used and taught. There is a vast literature addressing technical
skill development93-102, much of which focuses on very specific specialties and tasks. We
believe our approach using CLT to inform procedural skills training provides broader
implications more readily applicable to a wide variety of procedural training settings.

CONCLUSION
This thesis aims to illuminate how cognitive load theory can be used to understand the
complexities of teaching and learning procedural skills in the health professions. It argues
that procedural training is a unique and challenging undertaking within health professions
education that has high potential for cognitive overload in learners. The work detailed here
addresses multiple issues that were previously unknown including how to measure intrinsic,
extraneous and germane load during an exemplar procedural training setting, what factors
are associated with each cognitive load subtype during procedural training, how
experienced endoscopy teachers’ teaching strategies align with cognitive load theory, how
endoscopy trainees experience actual colonoscopy teaching, and how that teaching affects
their perceived cognitive load. Additionally, the review presented in Chapter 4 assimilates
and synthesizes a vast amount of literature to distill multiple recommendations for direct
teaching, curricular design, learning environment and metacognition relevant to procedural
skills training. We believe that cognitive load theory has the potential to further inform and
improve procedural skills training, and we hope that its use can reduce the distress that
arises from cognitive overload as described in the Preface.
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Summary
Procedural skills training is one of the most challenging undertakings for health professions
education (HPE) learners. Medical procedures require learners to develop, refine and apply
learning schemas for both cognitive and psychomotor concepts, yet most HPE learners are
accustomed to learning primarily in the cognitive domain. This presents a dual-task demand
which is challenging in and of itself, yet additional challenges are present as well. Most
procedural tasks take many repetitions to learn, and so learners who are accustomed to
performing well may frequently fail early in training; this can induce negative emotions.
Terminology associated with psychomotor components of procedures may be unfamiliar,
making understanding the teacher more challenging. Decisions during procedures must be
made without the luxury of extended time to think and discuss, yet decisions made have
potential for immediate physical harm to patients. Many procedures are performed in
urgent or emergent settings which causes additional stress. Taken together, these and
other challenges present an incredibly complex learning environment where learners may
become easily overwhelmed.
At the same time, procedural teachers also endure significant challenges. They must
prioritize patient care to ensure patients receive safe, efficient and high-quality procedures,
yet at the same time they must enable the learner to take on a developmentally appropriate
portion of the procedure, provide guidance when needed, use terminology and words that
the learner understands, and decide when to take over a procedure. The teacher must also
balance needs of other stakeholders including the patient, staff, healthcare systems, and
themselves. However, many procedural teachers lack significant training in education and
may struggle to balance these important competing demands, while at the same time
accomplishing the task at hand.
This thesis seeks to address these and other challenges inherent to procedural teaching and
learning in the health professions by considering the lens of cognitive load theory (CLT). CLT
is a cognitive learning theory oriented around the Atkinson-Shriffin model of human
memory and focused on the limitations of human working memory. As opposed to sensory
memory and long-term memory, which are considered infinite, the working memory can
only manage a few pieces of information at any given time. The purpose of working
memory is to attend to relevant aspects of sensory memory and to transfer that information
into long-term memory in tidy packages called learning schema. These schemas, which are
cognitive representations of complex topics or constructs, can then be retrieved from longterm memory for use in the future. From a cognitive perspective, learning occurs through
formation and refinement of cognitive schemas, and more complex and refined schemas are
associated with greater expertise and automaticity.
The combined activities of the working memory are referred to as “cognitive load”. The
working memory may engage in three general activities, which are the cognitive load
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subtypes. Intrinsic load occurs when learners accomplish essential task elements. Intrinsic
load is greater when tasks are more complex or when learners are less experienced. When
learners use working memory resources to package informational elements from intrinsic
load into learning schema, germane load occurs. Germane load is ultimately what leads to
learning and automaticity. Extraneous load occurs whenever learners use working memory
resources in unproductive ways, such as attending to external or internal distractions, or
trying to understand unclear or confusing teaching or instructions. Extraneous load never
contributes to learning. When the combined amount of intrinsic, germane and extraneous
cognitive load exceeds working memory capacity, cognitive overload develops, negatively
impacting learning and performance. According to CLT, learning is optimized when
extraneous load is minimized and intrinsic load matched to the learner’s prior experience
and knowledge; in the motivated learner this promotes germane load, which leads to
learning. CLT has been well-studied in classrooms and experimental cognitive psychology
settings, yet there is burgeoning interest in applying it to HPE workplace environments.
CLT seems an ideal theoretical lens through which to study procedural skills training, given
that the material to be learned is complex (as described above) and there is substantial risk
for cognitive overload. To date, however, study of CLT in procedural settings has been
limited. Because we appreciated substantial potential benefit of CLT for procedural
learning, we designed the series of studies detailed in this thesis. We selected
gastrointestinal (GI) endoscopy as an exemplar procedural setting for study given its status
as a “middle-of-the-road” procedure in terms of complexity, duration and learnability, and
because of its significant impact on the health of the public. We designed studies to yield
implications that would be generalizable to a wide variety of procedural settings.
Chapter 1 provides a detailed overview of the challenges of procedural skills training,
theoretical tenets of CLT, a rationale for using CLT as a lens for studying procedural skills
training, and a rationale for studying GI endoscopy as an exemplar procedural skills setting.
Because cognitive load exists in the working memory, we needed to identify a method to
measure or estimate it for our studies. The most common approach is to use a single-item
estimate of mental effort, but we appreciated the critical importance of estimating the
cognitive load subtypes (intrinsic, extraneous and germane load) in order to develop
theoretical and practically relevant conclusions. We therefore started the thesis research by
developing a psychometric instrument – the Cognitive Load Inventory for Colonoscopy
(CLIC) – to measure intrinsic, extraneous and germane load during colonoscopy training
(Chapter 2). We followed a rigorous systematic process to develop the CLIC and then tested
it among a nationally representative sample of 477 colonoscopy learners in the United
States. Chapter 2 presents extensive evidence for validity of the CLIC. We tested 19 items
(8 for intrinsic load, 6 for extraneous load, 5 for germane load) and retained 15 in the final
model (7 for intrinsic load, 4 for extraneous load, 4 for germane load). Exploratory factor
analysis identified a three-factor solution consistent with intrinsic, extraneous and germane
load. All items fit within the expected factor with excellent factor loading. Confirmatory
252

factor analysis yielded satisfactory fit parameters. Chapter 2 concludes that the CLIC
measures three constructs among colonoscopy learners, which we believe represent
intrinsic, extraneous and germane cognitive load.
We next sought to explore factors associated with each of the cognitive load subtypes. To
accomplish this, in Chapter 3, we analyzed a large body of additional data obtained from the
477 participants in Chapter 2. We queried participants regarding multiple features of
themselves (i.e., the learner), the task/patient, the procedural setting/environment, and the
supervisor (teacher). We performed multivariate modeling to identify features associated
with intrinsic, extraneous and germane load, developing unique models for each that were
theoretically consistent with CLT. Intrinsic load was primarily associated with features of
learners (negatively associated with year in training and prior experience, positively
associated with fatigue) and patients/tasks (positively associated with poor patient
tolerance of procedure and number of maneuvers performed). Extraneous load was
primarily associated with features of the setting (positively associated with queue order)
and the supervisor (negatively associated with supervisor confidence and engagement,
positively associated with supervisor taking over the procedure), and also positively
associated with learner fatigue. Germane load was positively associated with supervisor
engagement. The different patterns of features associated with each subtype of cognitive
load made sense theoretically, and also provided additional evidence for validity of the CLIC.
While the research in Chapter 3 was performed among colonoscopy learners, the features
studied are readily generalizable to diverse procedural settings.
Having learned how to measure cognitive load during GI endoscopy training, and armed
with a preliminary understanding of what might impact cognitive load in procedural
settings, we sought to direct our efforts towards how specific teaching approaches might
impact cognitive load. To accomplish this, we wanted to leverage the existing body of
relevant literature, and so we designed a scoping review of studies that have used CLT
concepts to study workplace training of professional learners both within and outside of the
health professions (Chapter 4). This was performed as a Best Evidence in Medical Education
(BEME) review. Included studies tended to be narrowly focused, and cognitive load
subtypes were often not reported, yet the 116 diverse studies yielded multiple theoretical
implications and practical recommendations, which Chapter 4 discusses in great detail.
Importantly, those studies informed development of the final two thesis studies.
While scholars have proposed and studied teaching strategies that can be used to promote
goals of CLT, few studies reviewed in Chapter 4 addressed which teaching strategies could
be leveraged to improve cognitive load specifically in HPE procedural training. We wanted
to know how experts approached procedural teaching, and so we designed a qualitative
study interviewing 16 experienced endoscopy teachers in the United States, Canada and the
Netherlands (Chapter 5). We purposively sampled participants with deep insight into
endoscopy teaching and educational approaches. We asked them about struggles they saw
their endoscopy learners experience and teaching strategies they used to help learners
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overcome those challenges. We analyzed transcripts using template analysis. Participants
described learner challenges which we categorized as relating to learners (performance over
mastery goal orientation, low self-efficacy, lack of awareness); the task (psychomotor
challenges, mental model development, tactile understanding); the teacher (teacher-trainee
relationship, inadequate teaching, variability in teaching); and the setting (internal and
external distractions, systems issues). Participants reported using teaching strategies that
were aligned with CLT, including those benefitting intrinsic load by matching to the learner
level (teaching along developmental continuum, motor instruction, technical assistance),
minimizing extraneous load (optimize environment, systems solutions, emotional support,
define expectations), and promoting germane load (promote mastery, teach schemas, stop
and focus).
Finally, we sought to understand how these and other teaching activities were enacted in
actual colonoscopy teaching among ‘everyday’ endoscopy teachers, and what impact
learners perceived the teaching as having on their intrinsic, germane and extraneous
cognitive load. To accomplish this, we performed a mixed methods study, observing actual
colonoscopies performed by gastroenterology fellows (learners) and attending physicians
(teachers) at two large hospitals (Chapter 6). We selected 11 of the teaching activities from
Chapter 5 that we expected to be observable: motor instruction, feedback, schema
teaching, checking understanding, takeover, setting expectations, technical assistance,
emotional support, environment modification, promote mastery goal orientation, stop and
listen. We used event sampling and real-time content analysis to determine when those 11
teaching activities occurred and how they were enacted. Afterwards we interviewed each
fellow to explore how they perceived each observed activity as impacting cognitive load
subtypes and analyzed transcripts using content analysis. We also correlated instances of
germane load promoting activities with measured germane load. We observed 515
instances of the 11 teaching activities among 10 colonoscopies performed by 10 different
attendings and 8 different fellows. Intensity of teaching varied widely from 0.7 to 3.3
teaching activities per minute procedural time. The pre- and post-procedure time periods
were rarely used for teaching. The most commonly observed teaching activities were motor
instruction, feedback, schema teaching and checking understanding. Two new teaching
activities were characterized: providing cognitive information and affording autonomy.
Most teaching activities were perceived to have benefits of reducing intrinsic load and
increasing germane load; few impacted extraneous load. However, even beneficial teaching
activities were perceived to induce extraneous load when the attending taught excessively.
Instances of germane load-promoting activities were moderately positively correlated with
measured germane load (Spearman’s rho was 0.44). We conclude that teaching activities
may be leveraged to promote goals of CLT during procedural skills training, but that they
must be used thoughtfully to avoid cognitively overloading learners.
The thesis concludes with the Discussion in Chapter 7, which synthesizes the work in this
thesis with other literature related to CLT and procedural skills training. Chapter 7

254

specifically addresses several major contributions of this work to the literature including:
measurement of cognitive load subtypes, conceptualization of germane load, what
contributes to intrinsic, germane and extraneous load in procedural skills training settings,
and how to leverage teaching and curricular design to balance and optimize procedural
learners’ cognitive load. Directions for future research are discussed, particularly as they
relate to treatment of CLT in HPE research, understanding the phenomenon of cognitive
overload, and the relevance of measuring learning and performance in HPE studies of CLT.
Finally, we address strengths and limitations of the thesis work, and argue for
generalizability of findings to diverse procedural settings.
Overall this thesis makes substantial theoretical and practical contributions to our
understanding of teaching procedural skills in the health professions through the lens of
CLT. We hope that is serves as a stimulus for further research and teaching and curricular
innovations as we strive to optimize learning in this challenging yet rewarding domain in the
health professions.
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Samenvatting
Training in procedurele vaardigheden is een van de meest uitdagende onderdelen van het
onderwijs voor de beroepen in de gezondheidszorg (HPE). Procedurele vaardigheidstraining
vereist van lerenden, die vooral gewend zijn kennis tot zich te nemen, dat ze cognitieve en
psychomotorische leerschema's ontwikkelen, verfijnen en toepassen. Dit is een dubbele
taak ('dual task'), die op zichzelf al uitdagend is, maar er zijn ook extra uitdagingen. De
meeste procedurele taken vragen vele herhaling om ze te leren, en lerenden die gewend
zijn om in andere opzichten goed te presteren kunnen soms vroeg in vaardigheidstraining al
falen; met alle negatieve emoties van dien. Termen die gebruikt worden bij vaardigheidstraining kunnen onbekend zijn, wat het begrijpen van de docent bemoeiijkt. Beslissingen
tijdens live procedures gebeuren snel, zonder de luxe van tijd om na te denken en zaken te
bespreken, en kunnen onmiddellijk lichamelijk letsel bij patiënten teweeg brengen. Veel
procedures worden uitgevoerd in acute omstandigheden die extra stress veroorzaken. Alles
bij elkaar bieden deze en bijkomende uitdagingen een ongelooflijk complexe leeromgeving
waarin lerenden gemakkelijk overweldigd kunnen raken.
Tegelijkertijd hebben ook docenten bij live vaardigheidstraining (met live wordt hier
bedoeld in de kinische praktijk) grote uitdagingen. Ze moeten voorrang geven aan
patiëntenzorg om ervoor te zorgen dat patiënten veilige, efficiënte en hoogwaardige
ingrepen ondergaan, maar tegelijkertijd moeten ze de lerende in staat stellen onderdelen
van de ingreep op zich te nemen die nodig zijn voor hun ontwikkeling, begeleiding bieden
wanneer dat nodig is, terminologie gebruiken die de lerende begrijpt en beslissen wanneer
een verrichting moet worden overgenomen. De docent moet ook rekening houden met de
de belangen van anderen, zoals de patient en medewerkers, het ziekenhuis en zichzelf. Veel
live vaardigheidsdocenten ontberen echter zelf de noodzakelijke training in onderwijs en
kunnen moeite hebben om al deze belangrijke concurrerende eisen in evenwicht te
brengen, terwijl ze tegelijkertijd hun onderwijstaak vervullen.
Dit proefschrift is gericht op de uitdagingen voor lerenden en docenten in live
vaardigheidsonderwijs voor beroepen in de gezondheidszorg vanuit het perspectief van de
cognitieve belastingstheorie (Cognitive Load Theory of CLT) te beschouwen. CLT is een
cognitieve leertheorie gebaseerd op het Atkinson-Shriffin-model van het menselijk
geheugen en gericht op de beperkingen van het menselijk werkgeheugen. In tegenstelling
tot sensorisch geheugen en langetermijngeheugen, waarvan de capaciteit als oneindig
worden beschouwd, kan het werkgeheugen slechts een paar stukjes informatie op elk
willekeurig moment bewerken. Het doel van het werkgeheugen is om relevante aspecten
van het sensorisch geheugen te verwerken en die informatie over te brengen naar
langetermijngeheugen in handzame pakketjes die 'schemata' worden genoemd. Deze
schemata, c.q. de cognitieve representaties van complexe onderwerpen of constructen,
kunnen vervolgens worden opgehaald uit het lange-termijngeheugen voor nader gebruik.
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De ontwikkeling en verfijning van cognitieve schemata leidt tot leren vanuit cognitief
perspectief. Complexere en meer verfijnde schemata zijn geassocieerd met meer expertise
en automatisering. De activiteiten van het werkgeheugen bij elkaar wordt 'cognitieve
belasting' of 'cognitive load' genoemd. Het werkgeheugen kan drie algemene activiteiten
uitvoeren, te beschouwen als cognitieve belastings-subtypen. Intrinsic Load (intrinsieke
belasting) treedt op wanneer lerenden essentiële taakelementen uitvoeren. Intrinsieke
belasting is groter als taken complexer zijn of wanneer leerlingen minder ervaring hebben.
Wanneer leerlingen werkgeheugencapciteit gebruiken om informatie-elementen vanuit de
intrinsieke belasting combineren in leerschemata, vindt zogeheten Germane Load
(leertaakgebonden belasting) plaats. Germane load is uiteindelijk wat leidt tot leren en
automatiseren. Extraneous Load (irrelevante belasting) treedt op wanneer lerenden
werkgeheugencapaciteit moeten gebruiken op een manier die niet productief is, zoals door
externe of interne afleiding, of door onduidelijk of verwarrend onderwijs en instructie.
Extraneous load draagt nooit bij aan leren. Wanneer de gecombineerde hoeveelheid
intrinsieke, leertaakgebonden en irrelevante cognitieve belasting de werkgeheugencapaciteit overschrijdt ontwikkelt zich cognitieve overbelasting die het leerproces en de
prestaties negatief beïnvloedt. Volgens CLT is leren optimaal wanneer extraneous load
wordt geminimaliseerd en intrinsic load wordt afgestemd op eerdere ervaring en kennis van
de lerende; bij de gemotiveerde lerende bevordert dit leertaakgebonden belasting
(germane load), wat leidt tot leren. CLT is veel bestudeerd in klassikaal onderwijs en
experimentele proefopstellingen in de cognitieve psychologie, maar er is nu ook toenemend
belangstelling voor de toepsassing in werkplaatsgebonden onderwijs in de gezondheidszorg.
CLT lijkt een ideale theoretische invalshoek om de opleiding van procedurele vaardigheden
te bestuderen, omdat deze leerstof complex is (zoals hierboven beschreven) en er een
aanzienlijk risico bestaat op cognitieve overbelasting. Tot nu toe is CLT in live
vaardigheidsonderwijs nauwelijks onderzocht. Wij ontwierpen een serie studies in de
veronderstelling dat de toepassing van CLT in live vaardigheidstaining van groot belang zou
kunnen zijn, en hebben die in dit proefschrift beschreven. We kozen de gastro-intestinale
(GI) endoscopie bij fellows in opleiding to gastro-enteroloog / endoscopist als een voorbeeld
van een procedurele vaardigheid voor deze studies, omdat zij te beschouwen is als een
"middle-of-the-road" -procedure in termen van complexiteit, tijdsduur en leerbaarheid, en
vanwege haar essentiele betekenis voor de volksgezondheid. We hebben de studies
ontworpen met het oog op generaliseerbaarheid voor een brede scala aan klinische
vaardigheidstoepassingen.
Hoofdstuk 1 biedt een gedetailleerd overzicht van de uitdagingen van procedurele
vaardighedentraining, theoretische principes van CLT, de redenen om CLT te gebruiken voor
het bestuderen van procedurele vaardigheidstraining en om GI-endoscopie te bestuderen
als een voorbeeld ervan.
Omdat cognitieve belasting zetelt in het werkgeheugen, moesten we een methode vinden
om deze te meten of te schatten voor onze studies. De meest gebruikelijke aanpak is om
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eenvoudigweg mentale inspanning te schatten, maar wij vonden het essentieel om ook de
subtypen cognitieve belasting (intrinsic, extraneous en germane load; IL, EL en GL) te meten,
om theoretische en praktisch relevante conclusies te kunnen trekken. We zijn daarom
begonnen met het proefschriftonderzoek door een psychometrisch instrument te
ontwikkelen - de Cognitive Load Inventory for Colonoscopy (CLIC) - om intrinsic, extraneous
en germane load te meten tijdens coloscopie-training (Hoofdstuk 2). We volgden een
aanbevolen systematisch en rigoureus proces om deze CLIC te ontwikkelen en testte het
vervolgens bij een representatieve, nationale steekproef van 477 fellows gastro-enterologie
in de Verenigde Staten. Hoofdstuk 2 beschrijft sterke steun voor de validiteit van de CLIC.
We testten 19 items (8 voor IL, 6 voor EL, 5 voor GL) en behielden 15 in het uiteindelijke
model (7 IL, 4 EL, 4 GL). Verkennende factoranalyse leverde een driefactoroplossing op, die
goed paste bij de constructen van intrinsieke, irrelevante en leertaakgebonden belasting.
Alle items pasten binnen het verwachte factormodel met uitstekende factorladingen.
Confirmatory factoranalysis leverde bevredigende fitparameters op. Hoofdstuk 2
concludeert dat de CLIC drie constructen meet bij lerenden die een coloscopie uitvoeren,
die naar onze mening intrinsieke, irrelevante en leertaakgebonden cognitieve belasting
representeren.
We hebben vervolgens gezocht naar factoren die verband houden met elk van de subtypen
cognitieve belasting. Om dit te bereiken, hebben we in Hoofdstuk 3 een groot aantal extra
gegevens geanalyseerd van de 477 deelnemers in Hoofdstuk 2. We bevroegen deze
deelnemers over meerdere kenmerken van zichzelf (de leerling), de taak/patiënt, de
omgeving waar de verrichting was uitgevoerd en de supervisor. In multivariate
modelvorming werden kenmerken geidentificeerd die verband houden met intrinsieke,
irrelevante en leertaakgebonden belasting, en modellen ontwikkeld voor elk van de drie
subtypen belasting, steeds theoretisch consistent met CLT. Intrinsieke belasting was
voornamelijk geassocieerd met kenmerken van lerenden (negatieve associatie met jaar in
opleiding en eerdere ervaring, positieve associatie met vermoeidheid) en patiënten/taken
(positief associatie met de tolerantie die de patient vertoonde met de coloscopie en met
aantal uitgevoerde verrichtingen). Irrelevante belasting was voornamelijk geassocieerd met
kenmerken van de setting (positief met aantal coloscopieën eerder die dag) en de
supervisor (negatief met supervisorvertrouwen en -betrokkenheid, positief met overname
van de verrichting door de supervisor), en ook positief geassocieerd met moeheid van de
lerende. Leertaakgebonden belasting was positief geassocieerd met supervisorbetrokkenheid. De verschillende patronen van factoren die met elk subtype van cognitieve
belasting geassocieerd bleken, zijn theoretisch logisch en vormen aanvullende steun voor de
valditeit van de CLIC. Terwijl het onderzoek in Hoofdstuk 3 werd uitgevoerd voor training in
coloscopie, zijn de onderzochte aspecten makkelijk te generaliseren naar andere live
vaardigheidstraining.
Nadat we hadden geleerd cognitieve belasting te meten tijdens GI-endoscopietraining, en
gewapend met een voorlopig inzicht in wat van invloed zou kunnen zijn op cognitieve
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belasting bij live vaardigheidstraining, kozen we ervoor ons te richten op de manier waarop
specifieke onderwijsbenaderingen de cognitieve belasting zouden kunnen beïnvloeden.
Hiertoe hebben we de relevante literatuur geëxploreerd, en een verkennend overzicht
gemaakt van studies die het CLT-concept hebben gebruikt om werkplektraining van
studenten in professionele beroepen te bestuderen, zowel binnen als buiten de
gezondheidsberoepen (Hoofdstuk 4). Dit werd uitgevoerd als een zgn. Best Evidence
Medicial Education (BEME) literatuurreview. Hoewel de geïncludeerde studies meestal een
nauwe focus hadden en de subtypen cognitieve belasting vaak niet werden meegenomen,
droegen de 116 uiteenlopende studies wel bij aan een aantal theoretische implicaties en
praktische aanbevelingen van CLT bij vaardigheidstraining. Belangrijk is dat deze studies de
de basis hebben gelegd voor de laatste twee hoofdstukken van het proefschrift.
Hoewel onderzoekers algemene onderwijsstrategieën hebben beschreven en onderzocht,
gericht op de doelen van CLT, hebben maar weinig studies die in Hoofdstuk 4 worden
besproken aangegeven welke leerstrategieën kunnen worden gebruikt om de cognitieve
belasting in live vaardigheidstraining in de gezondheidszorg te verbeteren. Wij wilden weten
hoe experts dit onderwijs geven, en hebben daarom een kwalitatieve studie opgezet met 16
ervaren klinische docenten in de endoscopie in de Verenigde Staten, Canada en Nederland
(Hoofdstuk 5). Via purposeful sampling werden deelnemers geselecteerd met goed inzicht
in endoscopisch onderwijs en onderwijskundige kennis. We vroegen hen naar problemen
die ze bij hun endoscopie-lerenden zagen en de leerstrategieën die ze gebruikten om hen te
helpen deze uitdagingen te overwinnen. We analyseerden interview transcripten met
template analysis. Deelnemers beschreven leeruitdagingen die we hebben gecategoriseerd
als gerelateerd aan de lerende (performance versus mastery orientatie, lage self-efficacy,
onvoldoende overzicht van wat men deed); aan de taak (psychomotorische uitdagingen,
ontwikkeling van een mentaal model van de taak, tactiel gevoel en begrip); aan de leraar
(relatie tussen docent en lerende, inadequaat onderwijs, veranderlijkheid in het lesgeven);
en aan de setting (interne en externe afleidingen, systemische problemen). Deelnemers
rapporteerden het gebruik van leerstrategieën die compatibel waren met CLT, inclusief die
welke intrinsieke belasting afstemmen door te matchen met het niveau van de leerling
(lesgeven langs een ontwikkelingscontinuüm, motorische instructie, technische assistentie),
minimaliseren van irrelevante belasting (optimaliseren van de omgeving, systeemoplossingen, emotionele ondersteuning, verwachtingen definiëren), en bevorderen van
leertaakgebonden belasting (bevorderen van mastery, bevorderen van schemavorming,
stop-en-focus strategie).
Ten slotte hebben we onderzocht hoe de leeractiviteiten uit deze interviews en andere in de
praktijk worden uitgevoerd door 'typische' endoscopie docenten, en welke invloed lerenden
ervoeren van deze strategieën op hun intrinsieke, leertaakgebonden en irrelevante
cognitieve belasting. Om dit te onderzoeken (Hoofdstuk 6) voerden we een mixed methodsstudie uit, waarbij we volledige coloscopieën observeerden die werden uitgevoerd door
gastro-enterologische fellows (lerenden) en behandelende artsen (docenten) in twee grote
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ziekenhuizen. Van de onderwijsactiviteiten uit Hoofdstuk 5 selecteerden wij er 11 die we
geschikt achtten voor observatie: bewegingsinstructie, feedback, schema-teaching, checken
van begrip, overnemen, verwachtingen stellen, technische assistentie, emotionele
ondersteuning, omgevingsaanpassing, stimuleren van mastery doeloriëntatie, stoppen en
luisteren. We gebruikten event-sampling en real-time content-analyse om te bepalen
wanneer en hoe die 11 onderwijsactiviteiten plaatsvonden. Daarna werd elke fellow
geïnterviewd om na te gaan welke invloed elke waargenomen activiteit had op de subtypen
cognitieve belasting; de interviewtranscripten hiervan werden vervolgens via
inhoudsanalyse onderzocht. We zochten met name het verband tussen activiteiten gericht
op CL subtype leertaakbelasting met scores van de gemeten leertaakbelasting. De 11
onderwijsactiviteiten (interventies) werden in totaal 515 uitgevoerd bij 10 coloscopieën in
10 verschillende sessies bij 8 verschillende fellows. De onderwijsintensiteit varieerde sterk:
van 0.7 tot 3.3 onderwijsactiviteiten per minuut proceduretijd. De perioden direct vóór en
na de procedure werden zelden gebruikt voor onderwijs. Meest waargenomen bleken
bewegingsinstructie, feedback, schema-teaching en checken van begrip. Er kwamen ook
twee nieuwe onderwijsactiviteiten voor: cognitieve informatie verschaffing en autonomie
geven. De meeste onderwijsactiviteiten werden gevoeld als vermindering van intrinsieke
belasting en vergroting van leertaakgebonden belasting; nauwelijk als beinvloeding van
irrelevante belasting. Maar soms veroorzaakten nuttige leeractiviteiten irrelevante
cognitieve belasting, namelijk als de docent overdreven veel instructie gaf. Toepassing van
activiteiten gericht op leertaakgebonden belasting correleerde matig positief met feitelijk
gemeten leertaakgebonden belasting (Spearman's rho 0.44). We concluderen dat
onderwijsactiviteiten kunnen worden gebruikt om doelen van CLT te bevorderen tijdens de
training van verrichtingen, maar dat ze weloverwogen moeten worden toegepast om te
voorkomen dat lerenden cognitief worden overbelast.
Het proefschrift eindigt meteen discussie in Hoofdstuk 7, waarin het werk in dit proefschrift
wordt gecombineerd met andere literatuur over CLT en het trainen van vaardigheden.
Hoofdstuk 7 gaat specifiek in op enkele belangrijke bijdragen van dit werk aan de literatuur,
waaronder: hoe subtypes van cognitieve belasting, conceptualisatie van leertaakgebonden
belasting te meten? wat draagt bij aan intrinsieke, leertaakgebonden en irrelevante
belasting in live vaardigheidstraining? en hoe onderwijs in te zetten voor een optimale
balans van cognitieve belasting van lerenden die verrichtingen uitvoeren? Daarna volgen
voorstellen voor toekomstig onderzoek, vooral in relatie tot CLT en onderzoek van
gezondheidszorgonderwijs en gericht op het begrijpen van cognitieve overbelasting en op
de relevantie van het meten van leren en presteren bij onderzoek van onderwijs in de
gezondheidszorg en CLT. Ten slotte gaan we in op de sterke punten en beperkingen van de
proefschriftstudies en pleiten we voor het generaliseren van de bevindingen naar diverse
vaardigheidssettings.
Concluderend levert dit proefschrift een substantiële theoretische en praktische bijdrage
aan ons begrip van onderwijs in live vaardigheidstraining voor beroepen in de
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gezondheidszorg via het perspectief van CLT. We hopen dat dit een stimulans is voor de
ontwikkeling van onderzoek, onderwijs en curriculuminnovatie, met het doel het leren te
optimaliseren op dit uitdagende, maar interessante terrein in de gezondheidszorg.
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