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GENERAL INTRODUCTION

-Scope -

Learning influences the brain. Every time you learn a new fact, a new concept
or a new skill your brain has changed. The brain also influences learning. Your
ability to learn is constrained by the architecture and functioning of the brain.
Despite the close relationship between the brain and learning, neuroscience
has remained remarkably distant from the classroom. In my quest to improve
health professions education, this gap highlights an opportunity. Building a bridge
between neuroscience and education may pave the way for evidence-informed
education in the health professions.

In this thesis, I use educational neuroscience as a source of inspiration for
developing evidence-informed health professions education. The overall aim of
this thesis is to improve health professions education by investigating learning
processes using an educational neuroscience-inspired approach.

This introductory chapter describes the rationale behind our studies. I
describe the scientific field of educational neuroscience as well as its relevance to
health professions education. Subsequently, I elaborate on three specific learning
processes; spaced learning, concept learning, and metacognitive learning, as
these are the focus of our research. This chapter concludes with an overview of
the studies included in this thesis.

-The science of learning and why it matters -
“When the why is clear, the how is easy.” — J. Rohn

For decades, there has been a drive towards evidence-informed health professions
education. Evidence-informed implies that education should be integrated with
evidence from research to find best practices and improve the quality of education
and healthcare accordingly (Nelson & Campbell, 2017; Sharples, 2013). Educators
and policymakers are increasingly called upon to apply evidence-informed
education in their curricula in order to facilitate meaningful and effective education
(Thomas et al., 2019a; Durning et al., 2012; Van Der Vleuten, 2000).

The pursuit of educational excellence should be reflected by curricula with a
scientifically sound basis (Ramani, 2006). Research informing our curricula should
partly be directed at advancing our understanding of students’ learning processes
(Ruiter et al., 2012). For example, what they learn and how they learn. Research on
learning processes can be informed by the tremendous growth in knowledge about
the human brain over the last thirty years (Ansari et al., 2011). And so, I arrive
at the interdisciplinary research field named educational neuroscience, which
connects neuroscience, through cognitive psychology, with education sciences.
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CHAPTER 1

Why educational neuroscience? To become more evidence-informed, health
professions education should start looking beyond boundaries. The evidence on
the science of learning in fields such as neurobiology, cognitive psychology and
higher education is there for the taking. My goal is to blur the boundaries between
these fields using educational neuroscience-inspired research, in order to achieve:
more evidence-informed education, more effective education, better learners,
better healthcare professionals, and ultimately, better healthcare.

-Educational neuroscience -
“Integrated research of two domains should be driven by an urge to understand.” — A.
Einstein

There is a growing belief among scientists, teachers, and policymakers that
education benefits from an understanding of the brain (Jones, 2009). Early
enthusiasts included educational psychologists such as Edward Lee Thorndike. In
his PhD thesis written in 1926, dr. Thorndike already claimed that learning has its
physiological basis in the structure and activities of neurons and accessory organs
which compose the nervous system (Thorndike, 1926). The field of educational
neuroscience established itself several decades later, in the early 90s.
Educational neuroscience is an interdisciplinary scientific field which combines
research from cognitive neuroscience, cognitive psychology, and other related
disciplines to explore the interactive processes between biology and education
(Goswami, 2006). The collective belief is that these disciplines should act in
synergy in order to understand the learning brain and improve education (Sigman
et al., 2014). As written in a recent commentary by Howard-Jones et al. (2016):

“The relationship between neuroscience and educational practice can be likened
to the relationship between molecular biology and drug discovery, including the
arduous process of clinical trials. The basic science tells you where to look, but
does not prescribe what to do when you get there. Similarly, neuroscience may tell
you where to look — that is, what neural functions are typical or impaired and how
these operate — but this knowledge must be transformed by pedagogical principles
and then assessed by behavioural trials in educational contexts, the equivalent of
clinical drug trials.”

It is important to emphasise that our research does not aim to improve
education through neuroscience directly. As illustrated by the quote, educational
neuroscience utilises neuroscience as a supplementary ground which can anchor
and enrich educational practice. If a psychological construct has a biological
substrate, it will be better understood if the underlying mechanisms are
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GENERAL INTRODUCTION

supported by both behavioural and biological data. In turn, a better understanding
of behavioural and biological processes leads to better guidance for educational
interventions (Ansari et al., 2011; Howard-Jones et al.,, 2016). Vice versa,
educational practice may serve as a source of inspiration for neuroscientists, by
providing novel research conditions through unique real-world settings (Goswami,
2006; Sigman et al., 2014). Our research is inspired by the systematic interactions
between neuroscience, psychology, and education on the fundamental and practical
level. These interactions may lead to a common language with common questions to
advance theory and practice in health professions education (Thomas et al., 2019b).

Neuroscience Education

The study of brain
development, structure,
and function

The study of teaching

and learning in an

educational context

Educational
Neuroscience

Psychology

The study of mental processes
responsible for cognition and bebavior

Figure 1 | The systemic interactions between neuroscience, education and psychology.
Adapted from Sousa, 2010.
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CHAPTER 1

- Focusing the research topic

“The sun’s rays do not burn until brought to a focus.” — A. Bell

The current role of educational neuroscience in health professions education
research is limited (de Bruin, 2016; Friedlander et al., 2011; Ruiter et al., 2012).
Nevertheless, various scientists have claimed that neuroscientific theories may
have great impact on health professions education (Patel et al., 2009; Regehr &
Norman, 1996). This includes translating insights from neuroscience to education
on the one hand, and informing the science of learning through educational best-
practices on the other hand. This line of reasoning has led to the creation of this
thesis.

In this thesis, we focus on studying learning processes. But, how do we decide
which specific learning processes should be studied? Considerable opportunities
for health professions education have already been discussed in the literature.
We selected three highly interesting research topics from the viewpoint of
health professions education, which are also actively studied in neuroscientific
and psychological disciplines: 1) spaced learning, 2) concept learning, and 3)
metacognitive learning (de Jong et al., 2009; Friedlander et al., 2011; Ruiter et
al., 2012). Together, these learning processes are fundamental to the three types
of knowledge described by Bloom’s revised taxonomy for establishing educational
goals (Herwaarden et al., 2009; Krathwohl, 2002). First, spaced learning is a
process by which learning is distributed over time in order to enhance retention.
From Bloom’s perspective, spaced learning facilitates acquirement of factual
knowledge, which is necessary for health professionals to establish a solid
knowledge base. Second, concept learning is a process related to the understanding
of scientific concepts. From Bloom’s perspective, concept learning facilitates
conceptual knowledge, which is essential to health professionals in understanding
the mechanisms of human body function. Third, metacognitive learning is a
process that focuses on reflexivity; “thinking about one’s thinking”. From Bloom’s
perspective, metacognitive learning facilitates metacognitive knowledge, which is
of critical importance for achieving the desired lifelong learning attitude in our
health professionals. Below, I provide an outline of each learning process and its
relevance to health professions education.

- Spaced learning -

“There is no learning without remembering.” - Socrates

Students have a hard time recalling the learning material taught in medical school.
Recent studies have demonstrated that half of the first-year medical knowledge
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GENERAL INTRODUCTION

could not be reproduced by second-year medical students who were retested
unprepared (Schneid et al., 2019; Weggemans et al., 2017). Medical educators
and students should be aware of this, since long-term retention of knowledge is of
great importance for accurate clinical reasoning and adequate clinical practice.
Consequently, there is a need for methods that improve knowledge retention.

Spaced learning is a method that could help to amend the difficulty of knowledge
retention. If learning is distributed over multiple sessions and repeated over
time this leads to better and longer retention (Carpenter et al., 2012). In health
professions education, innovative forms of spaced learning are finding their way
to the classroom. However, an overview of these applications is lacking due to the
great diversity in the terms and definitions used in the literature to refer to spaced
learning. Moreover, in the light of educational neuroscience we are interested
if such research is informed by psychological or neuroscientific theories. For
example, neuroscientists have recently advocated the use of short timescales in
spaced learning (Smolen et al., 2016). Their research shows that biochemical
cascades involved in memory formation act on different temporal domains with
timescales from seconds to hours to days. The dynamics of molecules working on
these timescales, such as second meslsengers and kinases, may contribute to the
spacing effect. It would be of interest to investigate if short spaces could be of use
in those settings that are currently overlooked, such as traditional lectures.

Spaced learning is the subject of study in Chapter 2 and Chapter 3 of this
thesis. These chapters provide an overview of spaced learning studies in health
professions education research and the use of psychological and neuroscientific
theories. Additionally, the potential of using short spaces in a spaced lecture
format is explored.

- Concept learning -
“The more you know, the more you can know.” - Aristotle

Students find it challenging to obtain an accurate conceptual understanding of
human physiology (Michael, 2007). Their level of conceptual understanding
has shown to be rather limited and difficult to enhance through traditional
teaching methods (Palizvan et al., 2013). One of the primary reasons may be that
students suffer from misconceptions, which impact on their learning process.
Misconceptions can be defined as ideas that are incorrect according to current
scientific views, resulting in misunderstanding of new information (Wandersee et
al., 1994). Misconceptions appear very resistant to change, since they continue
to exist even after taking the corresponding courses at university (Palizvan et al.,
2013). Research thatinvestigates best-practices on how to alleviate misconceptions
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CHAPTER 1

in health professions education is scarce.

Different educational and neuroscientific theories exist on the process
of alleviating misconceptions, which is referred to as conceptual change.
Conceptual Change Theory describes conceptual change as shifting away from a
misconception towards the scientifically correct conception (Posner et al., 1982).
Conceptual change is a process of accommodation during which misconceptions
are reorganised or replaced by the scientific conception. However, no study found
that a particular learner’s conception was completely extinguished and replaced by
the current scientific view (Duit & Treagust, 2012). Accordingly, neuroscientists
have suggested that old ideas stay alive as they can be used in particular contexts
(Mareschal et al., 2013). In the light of educational neuroscience, it would be
interesting to investigate how concept learning comes about to be able to inform
health professions education.

Concept learning is the subject of study in Chapter 4 to Chapter 6 of this
thesis. In sum, these chapters describe explorative research on the origins of
misconceptions, and an educational intervention aiming to enhance concept
learning among students. The study described in Chapter 6 moves from educational
practice to the neuroscientific laboratory. Here, educational research marries
cognitive neuroscience to challenge the above-mentioned theories on concept
learning.

-Metacognitive learning -
“I am thankful for the brain that was put in my head. Occasionally, I love to just stand to one
side and watch how it works.” — R. Bolles

Metacognition is referred to as thinking about one’s thinking (Flavell, 1979).
Metacognitive learning as a component of self-regulated learning is gaining
attention in our research community (Brydges & Butler, 2012; Gooding et al., 2017).
Students are expected to become self-regulated learners which allows them to learn
independently, effectively and lifelong (Group, 1996; Murdoch-Eaton & Whittle,
2012). Explicit teaching of metacognitive skills may help students to become more
self-regulatory (Bjork et al., 2013). These skills include planning, monitoring,
and evaluating one’s actions (Zohar & Barzilai, 2013). However, explicit teaching
of metacognitive skills in health professions education is scarce (Artino Jr et al.,
2012). An additional problem is the low level of students’ metacognitive knowledge,
meaning they often do not know what they (do not) know (Thiede et al., 2003).
This can become problematic for learning physiology concepts in particular, where
misconceptions are often present unconsciously. Despite the recognised importance
of metacognitive learning, research on metacognition with a focus on enhancing
conceptual understanding is rather limited in health professions education.
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Since metacognitive processes are suggested to be partly unconscious, they are
difficult to investigate. Evidence is gathered by neuroscientists on brain areas that
seem to drive metacognition, but there is still a large unknown area to be explored
(Chua et al., 2014; Fleming et al., 2014). In the light of educational neuroscience,
it would be of interest to gain insight in students’ metacognition to guide future
neuroscientific research.

Metacognitive learning is the subject of study in Chapter 7 to Chapter 10 of this
thesis. The majority of studies focus on students’ level of metacognitive knowledge.
The final study, described in Chapter 10, maps students’ metacognitive skills and
perceptions on self-regulated learning in their medical curriculum.

- Through the lens of critical realism -
“When you change the way you look at things, the things you look at change.” — W. Dyer

To understand the nature of the research in this thesis one must realise that a scientist,
including myself, always uses a specific lens while conducting research. This lens is
one’s research paradigm.

The bridge between neuroscientific research and educational research is difficult
to cross, due to differences in philosophies about learning (Flobakk, 2015). One can
look at learning as individual biological changes at a cellular level of the brain or
rather as a social activity taking into account social interactions and the importance of
context. The biological perspective is in line with the positivist paradigm of research,
suggesting there is one true reality that can be observed. Positivism gives less
consideration to social influences compared to existential aspects such as biochemical
processes in the brain. On the other hand, the social perspective is in line with the
constructivist paradigm of research, suggesting there are multiple realities that are
constructed by people. Constructivism has a primary focus on social interactions and
contextual features.

As I aim to emphasise both biological and social concepts, I take a post-positivism
approach towards research (Bergman et al., 2012). The post-positivism paradigm
suggests there is one truth, but it can never be truly observed (Phillips et al., 2000).
This paradigm includes the ontological principles of critical realism (Collier, 1994).
Critical realism provides a philosophical perspective that emphasises both social
concepts and biological concepts, but without reducing one to the other. This is
important, as educational neuroscience has an interdisciplinary endeavour at its
heart (Flobakk, 2015). Educational neuroscience addresses questions that lay on the
border between the social and the biological, so both biological and social explanations
should be considered relevant. The philosophical position of critical realism can be
located in-between positivism, viz. neurobiological mechanisms are predominant.
and constructivism, viz. social context is predominant (Collier, 1994; Flobakk, 2015).
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Regarding educational neuroscience, critical realism allows for different
methods of studying learning that align with different perspectives of the biological
and social world. In this thesis, I seek for ways to understand and improve
learning, by considering the influences of biological processes and the influences
of individual perceptions and contexts.

- Setting the scene -
“I welcome truth. But I wish all of my facts to be in their proper context.” — G. HincRley

All studies in this thesis were conducted in the undergraduate curriculum at the
Leiden University Medical Center. The 3-year program is a traditional curriculum
mainly consisting of lectures, working groups and practical sessions. The study
population comprises undergraduate students from different health professions:
medicine, biomedical sciences, and clinical technology. In medicine, students
focus on health prevention, and diagnosis and treatment of disease. In biomedical
sciences, students specialise in cellular and molecular mechanisms of health
and disease. In clinical technology, students learn about the technical aspects
of healthcare. The undergraduate curricula have a strong focus on knowledge
construction. Some studies in this thesis were carried out during undergraduate
courses; ‘mechanisms of disease’ (Chapter 3), ‘basis to homeostasis’ (Chapter 4, 5,
9), ‘human biology’ (Chapter 7), and ‘physiology, basic concepts’ (Chapter 8). All
studies took place between November 2016 and September 2019.

- Aim and outline of this thesis -

The overall aim of this thesis is to improve health professions education by
investigating spaced learning, concept learning and metacognitive learning using
an educational neuroscience-inspired approach.

For spaced learning, we investigated how spaced learning is currently
implemented in health professions education. Particularly, what spacing formats
are being used? And do short spaces benefit knowledge retention?

For concept learning, we investigated how conceptual change comes about.
Particularly, what are the origins of students’ misconceptions? Are there effective
instructional designs that may enhance conceptual understanding in medical
physiology education? And is conceptual understanding mainly a matter of
conceptual change or conceptual shift?

For metacognitive learning, we investigated students’ use of metacognition,
specifically in the context of physiology education where conceptual understanding
plays a prominent role. How can we assess students’ metacognitive evaluation?

18



GENERAL INTRODUCTION

Do students use metacognitive skills, i.e. planning, monitoring, evaluating, while
solving physiology questions? And how do students perceive self-regulated
learning in their medical school curriculum?

To fulfil our aims, we conducted nine studies with specific research questions,
of which an outline is provided in Table 1. Chapter 11 summarises the main
findings of the work outlined in this thesis. Additionally, findings are discussed
and implications for educational practice and future research are provided.

Table 1 | Studied research questions and corresponding research methodology.

Chapter Research question Research method

o0 2 How is spaced learning defined and applied in Scoping review
g health professions education?
3
- 3 Does the implementation of short spaces in a Experiment
9] . .
g lecture enhance knowledge retention in
2,
N students?

4 What are the specific origins of inaccurate concep- Content

tual understanding among students regarding the analysis

t’SD interrelated concepts of pressure, flow, and
g resistance?
]
3, 5 Is cognitive inhibition involved in overcoming a Experiment
0]
% physiological misconception?
O

6 Can peer instruction enhance students’ compre- Experiment

hension of physiological concepts?
7 Can post-decision wagering be used as a measure Experiment

of self-perceived knowledge in an educational
context?

8 Can a multitier approach determine students’ level Experiment
of conceptual understanding by assessing their
metacognitive evaluation?

9 Can refutation texts enhance students’ cognition Experiment
and metacognition regarding physiological

Metacognitive learning

concepts?

10 What are students’ metacognitive competencies Thinking aloud &
and what are their perceptions of self-regulated semi-structured
learning in the medical curriculum? interviews
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CHAPTER 2

Abstract

Objectives

To investigate the definitions and applications of ‘spaced learning’ and to propose
future directions for advancing its study and practice in health professions
education.

Method

The authors searched five online databases for articles published on spaced
learning in health professions education prior to February 2018. Two researchers
independently screened articles for eligibility with set inclusion criteria. They
extracted and analysed key data using both quantitative and qualitative methods.

Results

Of the 2972 records retrieved, 120 articles were included in the review. More than
90% of these articles were published in the last 10 years. The definition of spaced
learning varied widely and was often not theoretically grounded. Spaced learning
was applied in distinct contexts, including online learning, simulation training and
classroom settings. There was a large variety of spacing formats, ranging from
dispersion of information or practice on a single day, to intervals lasting several
months. Generally, spaced learning was implemented in practice or testing phases
and rarely during teaching.

Conclusions

Spaced learning is infrequently and poorly defined in the health professions
education literature. We propose a comprehensive definition of spaced learning
and emphasise that detailed descriptions of spacing formats are needed in future
research to facilitate the operationalisation of spaced learning research and
practice in health professions education.
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CONCEPTUALISING SPACED LEARNING

Introduction

The spacing effect is one of the most robust phenomena in the science of learning.
Hundreds of published reports have replicated the spacing effect, originally
uncovered by Ebbinghaus, which suggests that knowledge retention is enhanced
when learning sessions are spaced (Cepeda et al., 2009; Carpenter et al., 2012).
Re-exposing learners to information over time using temporal intervals, i.e. spaced
learning, results in more effective storage of information than if it was all provided
at a single time, i.e. massed learning. There is mounting evidence that students
do not remember what is learned, also in health professions education (HPE)
(Schneid et al., 2018; Weggemans et al., 2017; Simanton et al., 2012; Sullivan et al.,
2013; Marcel, 2006). Researchers have therefore indicated a need to invest time
and resources in helping learners retain the information being learned (Marcel,
2006). Educational principles grounded in a spaced learning approach have the
potential to address this growing challenge in HPE.

Although literature reviews on effective learning in HPE exist and suggest a
key role for spaced learning in optimising retention, systematic analysis of spaced
learning research is complicated by the great diversity in the terms and definitions
used in this literature, including ‘distributed practice’, ‘spaced education’, and
‘retrieval practice’ (Yeh & Park, 2015; Augustin, 2014; Friedlander et al., 2011;
Phillipsetal., 2019; van Hoof & Doyle, 2018) The variety of learning and assessment
methods that are referred to as spaced learning further complicate the analysis
of its effects. According to definitions used by psychologists, spaced learning
should include learning sessions that are spaced over time and include repeated
information (Cepeda et al., 2008). Both cumulative testing and simulation training
as performed in HPE, for instance, can be considered applications of spaced
learning. In addition to the variety of educational activities, spacing formats often
differ in terms of their temporality, with some researchers distributing learning
sessions over a few days, whereas others use hours, weeks or months. Moreover, it
is often unclear if researchers used evidence from empirical research or relied on
a theoretical framework to inform their spacing format. Overall, the broad range
of terms associated with spaced learning, the multiple definitions and variety of
applications used in HPE can hinder the operationalisation of spaced learning.

A comprehensive synthesis of the various definitions and applications of spaced
learning in HPE may help identify gaps in knowledge, highlight areas for future
research and support a more effective implementation of spaced learning in the
HPE curricula. Therefore, the purpose of this paper was to investigate how spaced
learning is defined and applied across HPE contexts.
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CHAPTER 2

Methods

We employed a scoping review methodology to examine the definitions and
applications of spaced learning in HPE. To execute the review in a rigorous
manner, we assembled a research team consisting of co-investigators with in-
depth knowledge of HPE (MV, RH, AT, BO and PS), methodological experience
(AT and BO), and medical library expertise (CP). We used the methodological
framework developed by Arksey and O'Malley (2005), which was later refined by
Levac and colleagues (2010). The framework consists of the following six steps:
Step 1, identifying the research question; Step 2, identifying relevant articles;
Step 3, selecting articles; Step 4, charting the data; Step 5 collating, summarising
and reporting the results, and Step 6, consultation. Step 6, consultation, was not
conducted as we aimed to study the HPE literature specifically without including
additional stakeholders’ perspectives on this matter.

Identifying the research question

Given our goal of identifying key concepts, and applications of spaced learning, we
generated a main research question that allows for a broad exploration of spaced
learning. The overarching question guiding this scoping review was as follows:
‘How is spaced learning defined and applied in HPE?’ Accordingly, we sought to
answer the following specific research questions: (RQ1A) Which concepts are
used to define spaced learning and associated terms? (RQ1B) To what extent
do these terms show conceptual overlap? (RQ2) Which theoretical frameworks
are used to frame spaced learning? (RQ3) Which spacing formats are utilised in
spaced learning research?

Identifying relevant studies

An university affiliated librarian (CP) was consulted when drafting the search
query. An initial brainstorming session with the research team and librarian led to
the inclusion of ‘spaced learning’ and possible associated terms, such as ‘spaced
training’, ‘spaced education’, ‘distributed practice’, ‘test-enhanced learning’, and
‘retrieval practice’. The final search was conducted on 28 February 2018 using five
databases: PubMed, Web of Science, Embase, Education Resources Information
Center (ERIC), PsycINFO (Supplementary A). MV conducted additional forward
reference searching of included review articles to identify additional articles.

Selecting the studies

There was no restriction on year of publication; therefore, all articles published
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CONCEPTUALISING SPACED LEARNING

up until 28 February 2018 were screened for eligibility. To be included, articles
had to: (a) focus on HPE, e.g. medicine, nursing, pharmacology, and (b) explicitly
name ‘spaced learning’, or any associated term with a spaced study format. We
excluded editorials, commentaries, conference abstracts and books, as well as
non-English articles.

Two researchers (MV and RH) tested the inclusion criteria on a 10% subset
of titles (Mateen et al., 2013; Thomas et al., 2017). A single calibration exercise
was sufficient for the team to reach full agreement after inclusion criteria were
discussed and clarified. In the abstract screening stage, RH and MV tested the
inclusion criteria using a subset of papers (5%). After reaching full agreement,
MYV independently screened the remaining abstracts. Two additional calibration
exercises were performed with RH independently screening 2.5% of abstracts (n =
34) halfway and again 2.5% (n = 34) at the end of the process to ensure that MV's
interpretation of the inclusion criteria was consistent with the original calibration
outcome. Disagreements were resolved by discussion. If the focus of the article
was unclear based on the title and abstract, the full article was inspected.

Charting the data

The data charting form was developed by MV and RH based on the units of
analysis included in the research questions, e.g. definition, theoretical framework,
timing of events and setting, using Microsoft® Excel 2010 (Microsoft Corp.,
Redmond, WA, USA). They independently extracted data from five full text articles
to pilot the form. The usability of the charting form was discussed and minor
modifications were made accordingly, i.e. extraction categories were added
and others were removed. For instance, the ‘intervention design’ category from
a previous version of the charting form was merged with the ‘timing of events’
category in the final version. The process was repeated with an additional five full
text articles, followed by discussion, resulting in a final extraction form comprised
of the following categories: title; author; publication year; location; terms used
for spaced learning; definition by researchers; theoretical framework; population;
research method; research design; report of evidence-based spacing; timing of
events; topic of learning; type of knowledge; setting; basic sciences/clinical, and
learning phase.

Collating, summarising and reporting the results
Numerical analysis

We performed a numerical analysis to describe the study characteristics, i.e.
year of publication, location, population, educational content, domain, subject,
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theoretical frameworks (RQ2A) and spacing formats (RQ3A) included in each
paper.

Thematic analysis

The variety of spaced learning definitions and associated terms (RQ1A) were
synthesised using a thematic analysis. Two researchers (MV, RH) generated a list
of open codes from words or phrases in the definitions. Discussion between the
two researchers explored relationships between open codes across definitions,
which we refer to as concepts. These concepts were then analysed to generate
overarching core themes. Drawing from the previously identified core themes as
predetermined categories, we used a deductive approach to search for conceptual
overlap amongst terms and definitions (RQ1B). Cross-checking of coding strategies
and interpretation of data was performed by BO.

Results

Descriptive summary

The database search resulted in a total of 2972 records (Figure 1). After duplicates
were removed, 2184 records remained. After applying title and abstract screening
criteria, we identified 270 articles as eligible for full text review. A total of 120
articles met all criteria and were retained for the full review. Of these articles,
109 (91%) were published in the last 10 years (Supplementary B). Approximately
two-thirds of all studies (n = 76; 63%) were conducted in the United States, 25 in
Europe (20%), eight in Canada (7%), seven in Australia (6%), two in Asia (2%) and
two in South America (2%). See Supplementary C for an overview of the other
study characteristics.

Definitions of spaced learning

Besides the term ‘spaced learning’, we found 20 associated terms used to define this
concept. Some terms were found in multiple studies but were defined differently,
e.g. distributed practice, others were only defined in a single study, e.g. spaced
distribution, or not defined at all, e.g. spaced retrieval practice.

There was a total of 74 definitions (for an extended overview of all definitions see
Supplementary D). These definitions were analysed thematically, resulting in the
identification of seven core themes: Educational activity was the most recurrent
theme (64/74); followed by Structure (51/74); Timing (44/74); Content (28/74);
Repetition (27/44); Learning outcomes (24/74), and Educational tool (14/74). For
each core theme, large variation was found amongst definitions, which resulted
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2,962
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10
additional records identified
through reference scanning
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Y

788
records excluded as duplicates

2,184
records for title screening

Y

1,360
records for abstract screening

824
records excluded

Y

270
records for full-text review

1,090
records excluded

y

LS

120
records included in review

150
records excluded after full review

56 other scholarly work (e.g. commentary)
57 unrelated to spaced learning

23 unrelated to HPE

4 non-english articles

6 not accessible

4 duplicate articles

Figure 1 | Flow chart for the scoping review selection process.

in a number of sub-themes (see Table 1). For instance, an ‘educational activity’
was described in terms of what it should entail, e.g. listening and rereading,
practicing, or what it should not entail, e.g. not highlighting, not summarising and
not cramming. Additionally, some definitions encompassed specific details about
the number of educational activities and the size or the division of labour.

Due to this large variation in definitions, a deductive approach was necessary to

study conceptual overlap between terms and this approach was conducted on the

core theme level. The recurrent core themes for each of the 21 terms are shown
in Table 2. For instance, for the term ‘spaced learning’ we found five definitions all
of which included a notion of a certain educational activity, structure and timing.
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Table 1 | A thematic analysis of definitions of spaced learning and its related terms.

First level theme

(core theme)

Second level theme

Third level theme Fourth level

theme

Educational
activity

Number

Singular
Plural

Type

Reviewing
Reading
Test Short

MCQ

Mastery
Physical

Not achievement
Distractor

Listening

Relearning

Case-based

Receiving

feedback

Practicing

Studying

Learning

Recalling

Not rereading

Not relistening

Not highlighting

Not summarizing

Not cramming

Size

Curricula
Smaller

Division of labour

Providing

Strategy for learning
(student-directed)

Structure

Dispersion

Alternation

Irregular
Large

Interruption of activity

Rest
10-20 minutes

Not packed together
Not a single time
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No dispersion
Adaptive

Content

Information / Content

Multiple sets
Small
Identical
New

Stimuli

Repetition

Rehearsal

3 times
Periodically

Timing

Comparative

Adjective

Specific duration

Other

Longer

Later

Long

Short

Fast

Fixed

Days

Weeks

Months

Less than 5 min
Increasing
Previous
Immediately prior
Concurrently with
an activity

Educational tool

Multi-source
Owned by student

Electronic

Online

Gamifications
Learning Knowledge
outcomes Skill

Impact on behaviour

Forgetting Natural
Recall/remember Retention
Silent
Effect More effective Deliberate
Adaptive

Reducing
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Framing spaced learning

Almost half of the empirical research articles (n = 48, 47%) did not explicitly
mention a theoretical framework. In total, nine theoretical frameworks were
mentioned in the remaining studies of which the Spacing effect! (n = 40) and
Testing effect? (n = 31) were named most often. Other frameworks were Cognitive
Load Theory?® (n = 4), Desirable Difficulties Theory* (n = 2), Retrieval hypothesis®
(n = 2), Total-time hypothesis® (n = 2), Learning Theory’ (n = 1), Metacognitive
Theory® (n = 1) and Kolb’s Experiential Learning Theory® (n = 1).

Only a few studies® (n = 15, 15%) based their spacing format on previous
empirical research. Articles by Cepeda and colleagues (2008)!! (n = 7) and Pashler
and colleagues (2007)!2 (n = 7), both derived from psychological literature on the
spacing effect, were cited most often.

! Al Rawi et al., 2015; Boespflug et al., 2015; Bruckel et al., 2016; Dobson, 2011; Flett, 2017; Gandhi et al., 2016;
Gyorki et al., 2013; Hernick, 2015; Horn & Hernick, 2015; Kerfoot, 2010; Kerfoot, 2009; Kerfoot, 2008; Kerfoot
et al., 2008; Kerfoot & Baker, 2012a; Kerfoot & Baker, 2012b; Kerfoot et al., 2012; Kerfoot et al., 2007a; Kerfoot &
Brotschi, 2009; Kerfoot et al., 2007b; Kerfoot et al., 2010a; Kerfoot et al., 2009; Kerfoot et al., 2010b; Kerfoot et al.,
2011; Kerfoot et al., 2014; Mathes et al., 2014; Matos et al., 2017; Matzie et al., 2009; Miller et al., 2016; Nakata et
al., 2017; Nkenke et al., 2012; Ojha et al., 2014; Patocka et al., 2015; Raman et al., 2010; Shaikh et al., 2017; Shaw et
al., 2011; Shaw et al., 2012; Shenoi et al., 2016; Smeds et al., 2016; Spruit et al., 2015; Taveira-Gomes et al., 2014;
Bekkink et al., 2012.

2 Boespflug et al., 2015; Bruckel et al., 2016; Dobson, 2011; Flett et al., 2017; Gandhi et al., 2016; Gyorki et al., 2013;
Hernick, 2015; Horn & Hernick, 2015; Kerfoot, 2010; Kerfoot, 2008; Kerfoot et al., 2008; Kerfoot & Baker, 2012a;
Kerfoot & Baker, 2012b; Kerfoot et al., 2012; Kerfoot et al., 2010a; Kerfoot et al., 2010b; Kerfoot et al., 2014; Mathes
et al., 2014; matos et al., 2017; Shaikh et al., 2017; Shaw et al., 2011; Shaw et al., 2012; Smeds et al., 2016; Bekkink et
al., 2012; Burdo & O’'Dwyer, 2015; Dobson et al., 2017; Freda & Lipp, 2016; Galvagno & Segal, 2009; Jackson et al.,
2011; Kerfoot et al., 2009; Larsen et al., 2013a; Terenyi et al., 2018.

3 Raman et al., 2010; Taveira-Gomes et al., 2014; Andersen et al., 2016a; Andersen et al., 2016b.

¢ Burdo & O’'Dwyer, 2015; Dobson, 2012.

° Baghdady et al., 2014; Spreckelsen & Juenger, 2017.

6 Baghdady et al., 2014; Spreckelsen & Juenger, 2017.

7 Breckwoldt et al., 2016.

8 Bude et al., 2011.

Freda & Lipp et al., 2016.

"Horn & Hernick, 2015; Kerfoot & Baker, 2012a; Kerfoot & Baker, 2012b; Kerfoot et al., 2012; Kerfoot et al., 2007a;
Kerfoot et al., 2010a; Kerfoot et al., 2011; Kerfoot et al., 2014; Spruit et al., 2015; Dobson et al., 2017; Kerfoot et al.,
2009; Dobson, 2012; Scales et al., 2016; Boettcher et al., 2018; Schoeff et al., 2017.

' Horn & Hernick, 2015; Kerfoot & Baker, 2012a; Kerfoot & Baker, 2012b; Kerfoot et al., 2012; Kerfoot et al., 2010b;
Kerfoot et al., 2014; Scales et al., 2016.

12 Horn & Hernick, 2015; Kerfoot & Baker, 2012a; Kerfoot & Baker, 2012b; Kerfoot et al., 2012; Kerfoot et al., 2010a;
Kerfoot et al., 2011; Kerfoot et al., 2014.

13 Boespflug et al., 2015; Bruckel et al., 2016; Dobson, 2011; Gandhi et al., 2016; Kerfoot, 2010; Kerfoot, 2009,
Kerfoot, 2008; Kerfoot & Baker, 2012a; Kerfoot & Baker 2012b; Kerfoot et al., 2012; Kerfoot et al., 2007a; Kerfoot &
Brotschi, 2009; Kerfoot et al., 2007b; Kerfoot et al., 2010a; Kerfoot et al., 2009; Kerfoot et al., 2010b; Kerfoot et al.,
2011; Kerfoot et al., 2014; Mathes et al., 2014; Matos et al., 2017; Matzie et al., 2009; Miller et al., 2016; Nkenke et
al., 2012; Shaikh et al., 2017; Shaw et al., 2011; Shaw et al., 2012; Shenoi et al., 2016; Smeds et al., 2016; Kerfoot et
al., 2009; Scales et al., 2016; Barsoumian & Yun, 2018; Blazek et al., 2016; Larsen et al., 2015; Pernar et al., 2013;
Phillips et al., 2017; Phillips et al., 2014; Robinson et al., 2017; Tshibwabwa et al., 2017.
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Applying spaced learning

Approximately half of the empirical research articles (n = 51, 48%) applied spaced
learning in an online setting, mostly through delivering learning sessions in e-mails
distributed over time using electronic modules, e.g. Qstream!® (n = 38, 37%).
Spaced learning was also implemented in simulation settings'* (n = 24, 23%),
generally used to disperse training sessions over time to stimulate clinical skill
acquisition. In total 24 studies!® (23%) were conducted in classrooms and applied
to various educational activities, ranging from repeated practice and testing of
basic science mechanisms, to clinical scenarios and skill training.

The spacing formats of experimental and observational studies were analysed
and summarised for the three different settings that were identified previously,
that is online, simulation and classroom settings.

For the online setting, the duration of events showed a great variety between
studies. Information or questions were distributed through online sources daily'®
(n = 10), every 2 days'’ (n = 8), every 3 days'® (n = 1), weekly?® (n = 12), every 2
weeks?’ (n = 1), or monthly? (n = 2). In studies explicitly stating that material was

14 Nakata et al., 2017; Ojha et al., 2014; Shaw, 2012; Spruit et al., 2015; Larsen et al., 2013a; Andersen et al., 2016a,
Andersen et al., 2016b; Boettcher et al., 2018; Schoeff et al., 2017; Akdemir et al., 2014; Andersen et al., 2015;
Bjerrum et al., 2016; Connor et al., 2016; Ernst et al., 2014; Fann et al., 2008; Mackay et al., 2002; Moulton et al.,
2006; Nesbitt et al., 2013; Stransky et al., 2010; Stefanidis et al., 2006; Kesser et al., 2014; Verdaasdonk et al., 2007,
Mitchell et al., 2011; Kurosawa et al., 2014; Stefanidis et al., 2009.

15 Patocka et al., 2015; Raman et al., 2010; Bekkink et al., 2012; Burdo & O’Dwyer, 2015; Dobson et al., 2017; Freda
& Lipp, 2016; Larsen et al., 2013a; Terenyi et al., 2018; Baghdady et al., 2014; Breckwoldt et al., 2016; Bude et al.,
2011; Stransky et al., 2010; Kleiman et al., 2017; Moore & Chalk, 2012; Murrihy et al., 2009; Rozenshtein et al., 2016;
Barrington et al., 2016; Ayyub & Mahboob, 2017; Akkaraju, 2016; Dobson, 2013; LaBossiere et al., 2016; Larsen et
al., 2013b; Halliday et al., 2015; Marcotte et al., 1976.

16 Flett et al., 2017; Kerfoot, 2010; Kerfoot, 2009; Kerfoot, 2008; Kerfoot et al., 2008; Kerfoot et al., 2012; Kerfoot et
al., 2007a; Kerfoot et al., 2010a; Smeds et al., 2016; Tshibwabwa et al., 2017.

17 Boespflug et al., 2015; Gandhi et al., 2016; Gyorki et al., 2013;,Kerfoot & Baker, 2012a; Shaw et al., 2011; Shaw et
al., 2012; Kerfoot et al., 2009; Barsoumian & Yun, 2018.

18 Kerfoot et al., 2014.

19 Bruckel et al., 2016; Kerfoot & Brotschi, 2009; Kerfoot et al., 2007a; Kerfoot et al., 2010a; Kerfoot et al., 2011;
Matos et al., 2017; Matzie et al., 2009; Spreckelsen & Juenger, 2017; Larsen et al., 2015; Pernar et al., 2012; Raupach
et al., 2016; Taveira-Gomes et al., 2015.

20 Miller et al., 2016.

21 Matos et al., 2017; Blazek et al., 2016.

22 Flett et al., 2017; Smeds et al., 2016.

23 Boespflug et al., 2015; Gandhi et al., 2016; Gyorki et al., 2013; Kerfoot, 2010; Kerfoot, 2009, Kerfoot, 2008; Kerfoot
& Baker, 2012a; Kerfoot & Baker, 2012b; Kerfoot et al., 2012; Kerfoot et al., 2007a; Kerfoot & Brotschi, 2009; Kerfoot
et al., 2010a; Kerfoot et al., 2011; Kerfoot et al., 2014; Mathes et al., 2014; Matos et al., 2017; Shaikh et al, 2017;
Shaw et al., 2011; Shaw et al., 2012; Scales, 2016; Barsoumian & Yun, 2018; Larsen et al., 2015; Robinson et al., 2017,
Tshibwabwa et al., 2017.

2 Boespflug et al., 2015; Kerfoot et al., 2008; Kerfoot & Baker, 2012b; Kerfoot et al, 2012; Kerfoot et al., 2007b;
Kerfoot et al., 2010a; Kerfoot et al., 2010b; Kerfoot et al., 2011; Matos et al., 2017; Matzie et al., 2009; Miller et al.,
2016; Shenoi et al., 2016; Kerfoot et al., 2009.

% Spruit et al., 2015; Boettcher et al., 2018; Bjerrum et al., 2016; Mackay et al., 2002; Stransky et al., 2010; Kurosawa
et al., 2014; Barrington et al., 2016.

34



CONCEPTUALISING SPACED LEARNING

not only spaced but also repeated, repetition delays ranged from various days?
(n = 2), to weeks?® (n = 24), to months* (n = 12). Additionally, there were large
variations in the number of repetitions and intervals between repetitions.

For the simulation setting, studies frequently used designs in which training
sessions were distributed within a single day®® (n = 7) or within a set number
of consecutive days, weeks or months?® (n = 15). Notably, there were numerous
differences in the number of training sessions, total training time and duration of
intervals.

For the classroom setting, most studies described the use of interim, e.g.
cumulative testing?” (n = 15) to enhance long-term retention of to-be-learned
information. Other applications of spaced learning in the classroom involved the
distribution of teaching or learning sessions over multiple days? (n = 3), weeks?
(n = 3), or months® (n = 1). It was often unclear if sessions included repetition of
material taught during preceding sessions or if each session solely consisted of
new material.

Studies were mainly concerned with improving the effectiveness of learning
through spacing of practice and/or testing (n = 91, 88%). Only four studies®! (4%)
focused efforts on spaced learning as a means of teaching, for example, during
conventional lectures.

Discussion

We conducted a scoping review to examine how spaced learning is defined and
applied in HPE. Spaced learning appeared relatively new to HPE, with 90% of the
articles in our review having been published only in the last 10 years. This is an
interesting finding given that the first description of the spacing effect dates back
to 1885 and has been a major subject of research in the educational psychology
literature since (Ebbinghaus, 1885). Our findings indicate that most spaced
learning applications in HPE involve online learning, which may explain the later
presence of spaced learning in our field. In light of the increasing popularity of
spaced learning in HPE, it is concerning that descriptions of its applications lack
the necessary detail to support implementation or replication. Our review showed

% Spruit et al., 2015; Andersen et al., 2016a; Andersen et al., 2016b; Schoeff et al., 2017; Akdemir et al., 2014;
Andersen et al., 2015; Bjerrum et al., 2016; Moulton et al., 2006; Stransky et al., 2010; Stefanidis et al., 2006; Kesser
et al., 2014; Verdaasdonk et al., 2007; Mitchell et al., 2011; Kurosawa et al., 2014; Barrington et al., 2016.

27 Bekkink et al., 2012; Freda & Lipp, 2016; Galvagno & Segal, 2009; Larsen et al., 2013a; Terenyi et al., 2018;
Baghdady et al., 2014; Moore & Chalk, 2012; Ayyub & Mahboob, 2017; Akkaraju, 2016; Dobson, 2013; LaBossiere et
al., 2016; Larsen et al., 2013b; Kerkdijk et al., 2015; Kerdijk et al., 2013; LaDisa & Biesboer, 2017.

28 Dobson et al., 2017; Breckwoldt et al., 2016; Halliday et al., 2015.

2 Patocka et al., 2015; Raman et al., 2010; Burdo & O’Dwyer, 2015; Bude et al., 2011.

30 Bude et al., 2011.

31 Raman et al., 2010; Pernar et al., 2013; Marcotte et al., 1976; Pernar et al., 2012.
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that in most research spaced learning is poorly defined and almost half of the
studies do not explicitly mention a theoretical framework. Even fewer studies
based their spacing formats on empirical literature. It is possible that these
shortcomings may be linked to the presence of ‘innovators’ and ‘early adopters’
in our field. According to Rogers’ Diffusion of Innovation Theory (Rogers, 2003),

these groups value the trialability attribute of innovations, i.e. how easily potential
adopters can explore your innovation, which aligns with our findings. All spaced
learning studies in HPE that we analysed were conducted in authentic educational
environments instead of laboratory settings. As such, the focus may be on
improving educational practices and less on advancing theory or knowledge.
However, this approach makes replication and follow-up of current studies on
spaced learning challenging. Clearer definitions and detailed descriptions of
applications are needed for scholars and educators to improve future research
and practice on spaced learning in HPE.

Defining spaced learning

We examined 74 definitions of spaced learning and associated terms. Concepts
found amongst these definitions were organised into seven core themes: Educational
activity; Structure; Timing; Repetition; Educational tool, and Learning outcomes.
Most terms were defined by unique combinations of core themes resulting in low
conceptual overlap between terms. Additionally, some terms seemed to relate to
a more specified version of spaced learning as hey contained more core themes
than others. For instance, the definition of ‘spaced repetition’ includes the notion
of ‘reviewing of content multiple times over optimised time intervals’, whereas
‘spaced approach’ limits itself to stating ‘the distribution of fixed teaching hours
over alonger time period.’ It is important to note that the core themes were derived
from a large variety of second to fourth level themes, illustrating the vagueness
of definitions. For example, the educational activity as mentioned in the definition
of ‘spaced distribution’, concerns the number of activities, whereas a definition
of ‘spaced learning’ focuses on the type of activities, i.e. tests. Although they both
say something about learning engagement, they differ in what information they
deem relevant.

Furthermore, different definitions of the same term typically showed few
recurrent core themes suggesting low conceptual overlap. For example, we found
that the five definitions of the term ‘spaced learning’ shared the following core
themes: Educational activity; Structure, and Timing; whereas Education tool was
only found in one of the definitions.

Clearly, there is no unified definition of spaced learning in the HPE literature.
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We suggest that a more consistent use of terminology can facilitate a more
systematic appraisal of future research. Based on our findings we propose the
following comprehensive definition of spaced learning, which explicitly covers all
involved components:

Spaced learning involves [specified] educational encounters that are devoted to
the same [specified] material, and distributed over a [specified] number of periods
separated by a [specified] interstudy interval, with a [specified] learning outcome
after a [specified] retention interval.

These components should be clearly specified for each study on spaced learning
to facilitate comparison and crosstalk between spaced learning researchers in our
community.

Framing spaced learning

There is room for improvement regarding framing of the spaced learning
concept as almost half of the articles did not explicitly frame their research using
a theoretical framework. This might be related to the diversity and vagueness
amongst terms used to define spaced learning, which may have complicated
researchers’ search for previous empirical research and associated theoretical
frameworks. These findings are illustrative of the general underuse of theory in
HPE research (Bordage, 2009; Laksov, 2017). Importantly, use of theory can help
educators and researchers to better understand existing problems and formulate
new research questions.

Applying spaced learning

Spaced learning is applied broadly in HPE, spanning various health professions,
subjects, and educational settings, i.e. online, simulation and classroom. Exploring
the specific details of its applications was rather challenging due to the absence
of vital information on used spacing formats such as the number and duration of
intervals between educational encounters, the duration of the retention interval,
and the number and duration of learning sessions. We emphasise that in future
research, spacing formats should be reported in detail to ensure reproducibility
and generalisability of the outcomes (Young et al., 2018; Shea et al., 2004).
During educational encounters, spacing formats mostly included spaced
learning in the testing or practice phase. The occurrence of the ‘testing effect’ as
the second most used theoretical framework fits this application pattern. Notably,
less research is conducted on the benefits of spaced learning in the instructional
phase, that is during teaching. We consider this a gap in the literature and propose
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that HPE may draw from the rich scientific literature on spaced learning in
education and psychology to develop spaced learning formats that can optimise the
retention of knowledge. Psychological and neuroscientific research findings on the
mechanisms of memory formation suggest that spaced learning also works using
shorter intervals (Horn & Hernick, 2015). Therefore, applying spaced learning
on the timescale of minutes to hours may have implications for current massed
learning in classroom settings, such as conventional lectures, which still holds a
prominent position in HPE worldwide. Ultimately, implementing and optimising
spaced learning formats across curricula may help to prepare health professionals
with a solid foundational body of knowledge.

Limitations

Although we attempted to be as thorough as possible, our search was limited to
the selected databases, search terms and English-written scholarly articles, which
may have excluded relevant articles inadvertently. Furthermore, as a scoping
review aims to investigate the nature and extent of the research topic, we did not
critically appraise the included studies.

Conclusion

This scoping review has highlighted the large variety in definitions and
applications of spaced learning across HPE. Based on our findings and our
review of the psychological and neuroscientific literature, we offer the following
recommendations to improve research and educational practice related to spaced
learning: (a) define the spaced learning concept in an explicit and comprehensive
manner in order to stimulate consistent application; (b) use study designs that
are described thoroughly and informed by empirical research on spaced learning,
related theories, and practices, and (c) further expand the spaced learning
applications beyond online learning and simulation training, for example, by
applying spaced learning in the instructional phase. With these recommendations,
we aim to promote an enriched understanding of spaced learning and support the
development of optimal spaced learning environments in HPE curricula.
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CHAPTER 3

Abstract

Introduction

Poor knowledge retention is a persistent problem among medical students. This
challenging issue may be addressed by optimising frequently used instructional
designs, such as lectures. Guided by neuroscientific literature we designed a spaced
learning lecture in which the educator repeats the to-be-learned information using
short temporal intervals. We investigated if this modified instructional design
could enhance students’ retention.

Materials and methods

Second-year medical students (N = 149) were randomly allocated to either the
spaced lecture or the traditional lecture. The spaced lecture consisted of three
15-minute instructional periods, separated by 5-minute intervals. A short summary
of the preceding information was provided after each interval. The traditional
lecture encompassed the exact same information including the summary in the
massed format, thus without the intervals. All students performed a baseline
knowledge test two weeks prior to the lectures and students’ knowledge retention
was assessed eight days after the lectures.

Results

The average score on the retention test (« =.74) was not significantly different
between the spaced lecture group (33.8+13.6%) and the traditional lecture group
(31.84£12.9%) after controlling for students’ baseline-test performance (F(1,104)
=0.566, p = .458). Students’ narrative comments showed that the spaced lecture
format was well received, and subjectively benefitted their attention span and
cognitive engagement.

Discussion and Conclusion

We were unable to show increased knowledge retention after the spaced
lecture compared to the traditional lecture. Based on these findings, we provide
recommendations for further research. Ultimately, we aim for optimised spaced
learning designs to facilitate learning in the medical curriculum and to help
educate health professionals with a solid knowledge base.
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Introduction

Medical students have a hard time recalling knowledge they acquire during
medical training (Weggemans et al., 2017; Schneid et al., 2018; Simanton et al.,
2012; Custers & ten Cate, 2011). Since successful clinical reasoning is built upon
a solid foundation of knowledge, medical education is facing a serious problem
(Herwaarden et al., 2009). This issue of forgetfulness may partly result from
currently used teaching practices Namely, lectures in which a large volume of
information is covered over a short uninterrupted time-span, so called massed
learning, are still commonly used as a teaching modality by medical educators,
especially in basic sciences education. This approach has shown to be rather
ineffective when aiming for long-term knowledge retention (Rawson & Kintsch,
2005). One may consider adjusting such practices by using an alternative strategy,
i.e. repeating information in several learning sessions distributed over time. This
spaced learning approach is based on results from a century of psychological
research (for a meta-analysis see Cepeda et al., 2006 or Carpenter et al., 2012)
and could be a valuable addition to instructional designs in medical education.

The spacing effect is a robust phenomenon that forms the basis of spaced
learning methods. During spaced learning, knowledge or skills that have to be
acquired are repeated in several learning sessions that are distributed over time.
Spaced learning is usually contrasted with massed learning where information is
packed together in a single learning session and only repeated consecutively, if
repeated at all. The beneficial effects of spaced learning on retention have been
shown for a variety of learning tasks concerning factual knowledge, e.g. Cepeda et
al., (2008), conceptual knowledge, e.g. Gluckman et al., (2014), Rohrer & Taylor,
(2007), and procedural knowledge, e.g. Simmons, (2011).

Over the last ten years, research has proven spaced learning to be successful
in various medical disciplines, including surgery, urology, radiology and general
clinical reasoning (Gyorki et al., 2013; Kerfoot et al., 2007a; Smeds et al., 2016;
Nkenke et al., 2012; Boettcher et al., 2018; Moulton et al., 2006; Patocka et
al., 2015). Spaced learning has mostly been investigated in online learning
environments and simulation settings. In surgical skill training, for example,
a recent systematic review showed that spacing practice sessions resulted in
increased retention of skills compared to massed training (Cecilio-Fernandes et
al., 2018). Similar results have been found for spacing instructional designs. For
instance, a study has shown that the dispersion of 4hrs of direct instruction over 4
weeks, i.e. 1hr/week, significantly enhanced knowledge retention after one month
(Raman et al., 2010). Interestingly, neuroscientific research on mechanisms of
memory implies that the spacing effect may already occur using much shorter
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intervals in the timescale of minutes to hours (for a review, see Smolen et al.,
2016). This notion gave rise to our idea of implementing spaces within traditional
massed 45-60 minute lectures to promote long-term knowledge storage among
medical students.

Researchers in higher education have already reported the successful
application of spaces with short intervals. Kelley and Whatson (2013) compared a
4-month biology course with a single 60-minute spaced learning session. Students
following the spaced learning session repeatedly received an intensive 20-minute
presentation (three times in total), intervened by 10-minute breaks. During the
breaks they were asked to perform physical distractor activities, e.g. to clay,
take a walk, or play basketball. These physical tasks were specifically selected
to prevent any interference with the memory formation process regarding the
learning material. Students’ final test results were compared between groups per
hour of education, and outcomes highly favoured the spaced learning cohort. This
study showed that implementation of spaced learning in an instructional setting
can establish long-term memory rapidly. Recent initiatives were inspired by these
findings and illustrated the benefits of spaced instruction in different educational
contexts (O’Hare et al., 2017; Garzia et al., 2016).

Educational initiatives promoting the use of short intervals to enhance long-
term memory formation are inspired by neuroscientific evidence regarding the
mechanisms of memory. An important phase in the process of long-term memory
formation is the stabilization of a memory trace after the initial acquisition, referred
to as consolidation (Kandel et al., 2014). Research has shown that consolidation
of a memory on the molecular level, referred to as long-term potentiation (LTP),
is elicited particularly by spaced trials and to a lesser extent by massed trials (Cao
et al., 2014; Mauelshagen et al., 1998). A hypothesis has been formulated stating
that adequately spaced stimuli overcome a refractory period that is needed for
reinforcement of LTP (Smolen et al., 2016). In more detail, this refractory period
may provide neurons time that is needed to synthesise molecular factors and/
or facilitate feedback loops that underlie the initiation of LTP. In line with this
reasoning, massed stimuli would not produce sufficient levels of molecular factors
needed to support LTP even if the stimuli are repeated. Another hypothesis states
that separate rounds of stimuli induce ‘priming’: meaning that LTP can be formed
by a first stimulus, and is strengthened by a properly timed second stimulus
(Smolen et al., 2016). Both hypotheses are not mutually exclusive and congruent
with consolidation theory. Importantly, memory consolidation involves various
molecular processes that each have their own temporal dynamics. Further
research on long-term memory encoding in the brain has suggested that some
specific molecular processes underlying LTP occur on the timescale of minutes
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and may contribute to the superiority of spaced learning (Genoux et al., 20020;
Farah et al., 2009; Pagani et al., 2009; Ajay et al., 2004; Naqib et al., 2012; Xue et
al., 2011; Menzel et al., 2011; Fields, 2005).

Based on previous educational experiments in higher education and the
evidence derived from the neuroscientific framework, we aimed to examine the
effect of short spaces on knowledge retention in medical students. Therefore,
we compared a spaced lecture design with a traditional massed lecture and
measured students’ knowledge retention. We believe that the potential benefits of
incorporating short spaces during teaching might help medical educators to make
their lectures more effective.

Methods

Participants and setting

Second-year medical students enrolled in a course on disease mechanisms at the
Leiden University Medical Center (LUMC) were invited to voluntarily participate
in the study. More than 80% of contact hours in this course consists of lectures.
The intervention was conducted in a lecture on the Dutch national vaccination
program. In previous academic years information about the national vaccination
program was covered by a self-study assignment. This topic was selected for
this spaced learning study specifically, because students had received no prior
formal education on this topic. The lectures were delivered as live presentations
in a lecture hall, supported by a digital slideshow (Microsoft Powerpoint). This is
common practice for lecturing at the LUMC.

Ethical considerations

Study participation was on a voluntary basis as the lectures were not mandatory.
Students were notified that the supplied information was part of their exam
material. Those who decided not to attend any session could still access the exam
material using the existing self-study assignment. Students autonomously decided
if their test results could be used for research purposes by signing the informed
consent form prior to the baseline-test, and again prior to the retention-test. They
were informed that data would be anonymised and that they could withdraw their
consent at any given time. Moreover, they were ensured that the test results
would not affect their course grades. Students did not receive any additional
credit for their participation. The study protocol was reviewed and approved by
the Educational Research Review Board of the LUMC: OEC/ERRB/20180612/2.
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Study design

This was an experimental study for which two lectures were designed: an
experimental lecture based on spaced learning principles, i.e. spaced lecture, and
a control lecture using the traditional, massed approach, i.e. traditional lecture.
Participants were randomly allocated to one of the lecture sessions. The spaced
and traditional lecture were held consecutively on one day to facilitate that both
lectures could be given by the same lecturer (SMA). The lectures were video
recorded, to explore and reveal any substantial differences if suspected by the test
results. The lecturer was a highly experienced teacher and is considered an expert
in the field of infectious diseases. To assess students’ knowledge at baseline, they
were tested approximately two weeks prior to the intervention, i.e. baseline-test.
The retention-test was taken 8 days after the intervention. For a detailed scheme
of the study procedure, see Figure 1.

Intervention

The lectures were designed for this experiment specifically, serving as a substitute
for the self-study assignment that was used during preceding academic years. The
lecture material comprised characteristics of the diseases covered by the Dutch
national vaccination program (Topic A), type and moment of vaccinations (Topic
B) and a regional and international comparison of participation and program
components (Topic C). Both lectures used the same supporting slides in identical
order.

Spaced lecture

The total presentation-time of 45 minutes was divided over three instructional
periods of approximately 15 minutes, separated by breaks, i.e. intervening gaps
of 5 minutes, resulting in a 60-minute lecture. Each break was followed by a
short rehearsal of the previously discussed information presented by the lecturer
using 2-3 summary slides (Figure 1). We explicitly chose for summary slides as a
passive rehearsal strategy, to be able for the lecturer to continue direct instruction
after each break. In this way, we could study the effect of spacing on knowledge
retention specifically, instead of inducing additional effects caused by active
retrieval. The rationale for the 5-minute spaces was based on our interpretation
of neuroscientific literature, similar educational implementation studies, and
practical feasibility (Smolen et al., 2016; Kelley & Whatson, 2013; Menzel et al.,
2001; Fields, 2005). Topics A, B and C were allocated to instructional periods
one, two and three respectively. During the 5-minute breaks, students performed
distractor activities (in our case three different origami tasks) that were not in any
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way related to information provided in the lecture, as this is considered to prevent
possible cognitive interference with the memory formation process, conform the
design of Kelley and Whatson (2013).

Traditional lecture

The traditional lecture followed the conventional setup for lectures in medical
education at the LUMC, which is a 45-minute presentation without breaks. To
control for potential confounders and ascertain same time on task, the traditional
lecture also contained the summary slides, i.e. repetition, and the same amount of
time dedicated to distractor activities (Figure 1). The latter were scheduled before
and after the ‘massed’ instructional session.

Baseline-test and Retention-test

The baseline-test and retention-test consisted of short open-ended questions. The
test questions were designed by the researchers and evaluated by two independent
test-experts. The lecturer was not involved in designing these tests and was not

Traditional lecture A a B b C C [—

Spaced lecture A a B b C

0 10 20 30 40 50 60

. . Time (minutes
= instruction (minutes)

e — Jistractor activities

Figure 1 | Study design. The capital letters (A, B and C) represent the regular instructional
phase on the specific topics. The small letters (a, b and ¢) represent short small summaries
of the previous instruction block. In the experimental group, the regular instructional phase
and small summaries were intervened by a 5-minute gap, where students were asked to
perform an origami task. The traditional lecture was preceded and followed by an origami
task, but the instructional phase lasted 45 consecutive minutes. Both lecture sessions ended
after 60 minutes.
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allowed to view the questions during the experiment. The tests were validated by
performing a pilot-test with independent associates (three PhD candidates with
a medical degree and two undergraduate medical students), which reassured a
score of 100% could be obtained by deriving the correct answers from the lecture
slides.

Participants were tested for recall of factual information that was covered by
the lecture. The test consisted of short open-ended questions to reassure that recall
was assessed rather than recognition. Students could obtain one point for each
correct answer. If students were asked to mention two or more aspects or items
in their answers to a specific question, e.g. “Which two human papilloma virus
(HPV) serotypes are primarily targeted by the HPV-vaccination?”, they were only
awarded the point if their answer was completely correct. No penalty was given
for incorrect answers. Using a pre-made answers key, students’ answers were
scored by one of the investigators, who was blinded for the lecture-condition. All
answers considered eligible for discussion were discussed by two researchers
until consensus was reached.

Baseline-test

The baseline-test was used to assess baseline knowledge regarding the topics
covered in the lecture. The test consisted of 10 short open-ended questions.
The test was performed in a lecture hall two weeks prior to the intervention to
minimise priming effects.

Retention-test

Eight days after the intervention, students were invited to perform a retention-test.
Students were requested not to study the lecture material between the lectures
and the retention-test. The test included 30 short open-ended questions: the 10
questions of the baseline-test plus 20 new questions. Several additional questions
were included to reveal students who had violated the study-protocol, e.g. “Did
you study the lecture material between lecture and the retention-test? If yes, in
what way?”

Data collection

All attendants at the baseline-test were linked to an anonymous study code. This
study code was used to couple retention-test and baseline-test data. If students
admitted they had studied or did not follow their allocated lecture, i.e. violated the
study protocol, they were marked and excluded from further analyses.
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Outcome measures

The primary outcome measure was students’ performance on the full retention-
test. Final scores were expressed as the percentage of the maximal score.
Secondary outcome measures were: i) performance on the 20 new retention-test
questions and on the 10 baseline-test questions included in the retention-test, ii)
narrative comments of students and the lecturer on the used lecture-formats.
Test and item analyses were conducted for assessment of internal consistency and
item-characteristics (Supplementary E).

Narrative comments from the students and from the lecturer were gathered
for qualitative assessment. To this end, students were actively encountered by
the researchers immediately following the lectures and the retention-test, and
they were encouraged to express their thoughts on the lecture format in an
informal way. At that time, students were unaware whether they were part of the
intervention or control group. Narrative comments for both sessions were noted
and stored digitally afterwards. The lecturer was interviewed after both lectures

were concluded.

Statistical analyses

For the power-analysis, the researchers agreed that a mean difference of at least
one standard deviation should be detected, as this was regarded relevant for
practice. Consequently, a minimum of 42 students (21 in each group) was needed
to achieve 90% power at two-sided 5% significance.

The average total scores on the retention-test and the subscores for the 20 new
questions and for the 10 repeated baseline-test questions were compared between
study groups using ANCOVA tests, adjusting for students’ baseline knowledge
scores. Reliability and item characteristics (difficulty and distinctiveness) of
the retention-test were evaluated by Cronbach’s alpha, p-values and Rir-values
(Supplementary E) (Berkel & Bax, 2006). Only data of students who completed
both the baseline- and the retention-test were included for analysis. Those that did
not follow their allocated lecture or restudied lecture material between the lecture
and retention-test violated the study-protocol and consequently were marked and
excluded from the analyses. Sensitivity analyses were carried out to reveal any
major influence of these students on the outcome measures. If any of the test-
questions should be removed for any cause, another sensitivity analysis for its
effect on score differences would be carried out.
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Results

A total of 344 students were enrolled in the course, of whom 171 students
completed the baseline-test at the start of the course (Figure 2). Halfway through
the course, 149 of these students attended the lectures. Half of the participating
students followed the spaced lecture (n = 74) and the other half followed the
traditional lecture (n = 75). One week after the lectures, 116 students completed
the retention-test. 9 participants violated the study protocol, resulting in data of
107 students to be included for final analyses. On the retention-test, there was
a higher participation rate among students who attended the spaced lecture
(86.5%) compared to the traditional lecture (68.0%) attendees (y*(1, 149) =
7.228, p <.007). However, further statistical analyses did not need to be adjusted

since groups showed similar variance for all outcome measures.

Demographics

The mean age of participants was 19.3 + 0.9 years (Table 1). Of these participants
90 (77.6%) were women, which resembles the overall gender distribution in the
LUMC medical school. Both groups had similar average scores on the baseline-
test (Spaced: 10.8% + 8.8%, Traditional: 10.4% + 8.8%).

Total students in course N = 344
Distributed among 22 workgroups
Baseline-test completed n=172
n = 23 students did not
attend any of the lectures
Spaced lecture n="74 Massed lecture n="175
. . 7 = 8 students excluded
Retention-test n= 64 Retention-test n=>51 Spaced lecture (n = 3)
- n = 2 followed other lecture
-n = 1 reviewed lecture material
Massed lecture (n = 5)
-1 = 1 followed other lecture
. - n = 4 reviewed lecture material
Included for analysis n=107 - 1= 1 did not complete pre-test

Figure 2 | Participant flow diagram.
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Table 1 | Group characteristics.

Spaced lecture Traditional lecture
Variable (n=61) (n =46)
Gender, female 68.9% 89.1%
Age, M (SD) 19.3(0.9) 19.3(0.9)
Pretest performance, M (SD)! 10.8% (8.8) 10.4% (10.1)

!Maximum score was 90%, after exclusion of question 9.

Retention

The spaced lecture group obtained a higher average score on the retention-test
compared with the traditional lecture group (Spaced: 33.8% + 13.6%, Traditional:
31.9% + 12.9%), which, however, was not statistically significant (F(1,104) =
0.566, p =.454), also see Table 1. Separating the performance outcomes on the
repeated original baseline-test items from the novel items revealed no significant
differences between groups.

On one question of the retention-test the spaced lecture group outperformed
the traditional lecture group (Spaced: 59.0% correct, Traditional: 2.2% correct).
This difference likely resulted from extra information that was unintentionally
provided by the lecturer during the spaced lecture. Consequently, we excluded
this question in our analyses which resulted in a maximum score of 9 points on
the baseline-test and 29 points on the retention-test, respectively. An alpha of 0.74
was obtained for the retention-test indicating acceptable internal consistency (see

the Supplementary E for a full summary on test psychometrics).

Sensitivity analyses

Sensitivity analyses were conducted to investigate possible influences of the
excluded data on the main results. Firstly, including participants that violated the
study protocol in our analyses did not result in any significant differences versus
the current reported results. Secondly, the mean difference on total retention-test
scores between groups was higher when the aberrant item of the baseline-test and
retention-test was not excluded, but remained not significant (¥(1,104) = 2.199,
p = .141). However, inclusion of this data significantly influenced the difference
in retention-test scores regarding the subset of original baseline-test items (F(1,
104) = 3.956, p =.049).

51



CHAPTER 3

Narrative comments

Generally, students who followed the spaced lecture responded positively towards
the spaced lecture format. After the retention-test one student noted: “I really
hope that we [spaced lecture group] did better on the test, as I would really like to
do this more often.” Several participants of the spaced lecture mentioned a positive
effect of the intervening gaps on their attention and productivity. For example,
a student said: “During those breaks I was totally distracted from the lecture
material, resulting in a feeling of total reset. I really liked this as it enhanced my
attention during the whole session.” Others were more doubtful: “I am not sure
if the breaks improved my attention because I had a hard time to reboot after
each break, therefore missing most of the small summaries.” The origami task was
emphasised as an enjoyable distractor activity. “Normally, everyone grabs for his
or her smartphone during occasions like this [the breaks]. Now, everyone started
the break trying to complete the origami task, and only switched to their phones
when they gave up or failed.” Another student marked the negative side effect of
this particular task: “...at sudden moments I was too busy on thinking of what the
next origami model would be than on the actual lecture content”.

Lastly, there were some comments on the intensity of the spaced lecture: “I
found it rather intense, I would hate to think of doing this four times in a row, but
I could imagine it being preferable for a revision lecture.”

Students who followed the traditional lecture had some positive comments on
the structure of the lecture but they generally agreed that they did not notice
any difference with a normal lecture. On the question: “did you experience any
differences in the lecture apart from starting and ending with the origami task?”,

Table 2 | Test results for spaced lecture and traditional lecture cohorts on the retention-test.

Spaced Traditional . Effect
Difference .
lecture lecture F p size!
(95% CI)
M (SD) M (SD) (n»)

Retention-test

33.8(13.6) 31.8(12.9) 2.0(-3.1;7.2) 0.566 .454 .005
score (%)
Retention-test score
on 20 new 36.6 (14.9) 33.6(13.2) 3.0(-2.5;8.5) 1.108 .295 .011
questions (%)
Retention-test score
on 9 baseline-test 27.7 (14.7) 27.8(15.7) -0.1(-6.0;5.8) 0.007 .934 .000
questions (%)

1Partial n?* effect size as predicted by the ANCOVA model
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one student answered: “hmm... well, to be honest, no.”

The lecturer enjoyed the spaced lecture format as she could recover during the
breaks and experienced less fatigue afterwards. She noted: “I really had the idea
that students’ attention on the last part [of the lecture] was higher than normal.”

Discussion

This study investigated the effect of spaced learning during a lecture on medical
students’ knowledge retention. We hypothesised that incorporating short spaces
in the lecture would increase its effectiveness. We used an experimental design,
comparing a spaced lecture with a traditional massed lecture. Our results showed
that the effect of both lecture formats was not significantly different. Notably,
the positive narrative comments indicated that the spaced lecture format was
generally well-received by students.

In our study, we incorporated short 5-minute gaps between instruction sessions
in a lecture to enhance the memory formation process. However, beneficial
effects on knowledge retention were not found, suggesting that 5-minute spaces
might have been too short to stimulate the consolidation process. They may have
been insufficient to overcome the refractory period needed for stabilization
of the memory trace, for example. Apparently, 10-minute spaces seemed to be
more effective as Kelley and Whatson (2013) were successful with their spaced
learning strategy in the classroom where they incorporated short 10-minute
gaps. However, one should be careful interpreting these results, since findings
can be highly dependent on the study design . For instance, in our study we
measured knowledge retention at 8 days, whereas Kelley and Whatson measured
it at 5 days. The 8-day period was selected since the Ebbinghaus forgetting curve
indicates that forgetting declines exponentially and most of the forgetting occurs
in the first week after initial learning (Ebbinghaus, 1885; Murre & Dros, 2015). It
might be that a shorter retention period, i.e. less than eight days, had raised the
ability to reveal differences between the study-groups. This is in line with evidence
indicating that short intervening gaps potentially promote advantages on shorter
retention periods (Cepeda et al., 2006; Cepeda et al., 2008; Cepeda et al., 2009).
Another notable difference is that we chose to incorporate small summaries of
preceding information in our lectures, whereas Kelley & Whatson repeated their
15-minute instructional blocks three times. Our rationale for this design was that
it was closer to the traditional teaching style and was expected to be an easy-to-
incorporate tool for medical educators if it was found to be effective.

Despite some empirical evidence including our own study, researchers
acknowledge that optimal spacing protocols for humans remain unknown and we
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may need to gain more fundamental knowledge of the mechanisms of memory
formation in order to develop these protocols (Smolen et al., 2016). Our study
contributes by informing the research community that 5-minute spaces in a
lecture setting seem insufficient to promote knowledge retention, and that other
approaches should be investigated to develop optimal spacing formats. In future
studies on spaced learning during instruction, one may specifically investigate the
influence of (1) the duration of spaces (2) the number of spaces (3) in relation to
the duration of the retention gap. Furthermore, one should be specific about the
characteristics of the setting in which the study was performed, to determine if
findings can be generalizable across educational contexts. Finally, future research
may combine spaced learning with other effective learning strategies such as
retrieval practice and/or test-enhanced learning to further promote knowledge
retention in medical education (Roediger & Butler, 2011; Karpicke & Roediger,
2008; Ayyub & Mahboob, 2017).

Strengths and limitations

Our experiment was embedded in an obligatory course of the medical curriculum,
so some practical limitations should be noted. For sake of time and anonymity, we
did not register attendees at the time of lecture. Consequently, we were unable to
question students who were absent on the retention-test about their reasons for a
no-show. The higher drop-out rate in the control group thus remains unexplained.
Furthermore, some sort of testing effect is inherent to our pre- post-test design.
We aimed to minimise the testing effect by incorporating a two-week gap between
the baseline-test and the intervention, and by including new questions in our
retention-test. Specific strengths of the study design should also be delineated.
First, the protocol included reliable tests in which we did not observe any floor
or ceiling effects. We showed an increase in overall test scores from 10% to
over ~30%. However, it is hard to contextualise this result as previous literature
on retention following a lecture is heterogenous, with a high variability of the
moment of delayed testing, e.g. one week (Mabhler et al., 2011), 4-months (Giles
et al.,, 1982), 5-months (Razzel & Weinman, 1977), type of testing, and restudying
opportunities, e.g. summarise, note-taking or self-questioning (King, 1992).
Second, the analyses included narrative comments which indicated that our new
spaced lecture format was well-received. The majority of students and the lecturer
noted that this format increased their attention and engagement and improved
their productivity. It would be interesting to investigate whether this experience
of enhanced attention could be quantified, using any approach that previously
assessed mind wandering and its effect on retention in a lecture context (Farley et
al., 2013; Lindquist & McLean, 2011).
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Conclusion

Our findings showed that a spaced lecture did not enhance knowledge retention in
medical students compared with a traditional, massed lecture. However, positive
narrative comments indicated that this new spaced lecture format was generally
well-received by students and the lecturer. Additionally, a theoretical and
practical elaboration on our findings resulted in recommendations for educators
and researchers on how to implement and study future spaced learning projects.
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CHAPTER 4

Abstract

Physiology is acknowledged as a challenging subject for medical students. Many
students seem to have a poor understanding of concepts underlying physiological
processes. However, the specific origins of inaccurate conceptual understanding
remain underinvestigated in medical education. This study explores students’
fallacies in conceptual understanding regarding the interrelated concepts of
pressure, flow and resistance. Qualitative conventional content analysis was
carried out on medical students’ (N = 156) written responses to a formative test. In
total, seven categories emerged to describe students’ fallacies; characteristics of
substances, characteristics of structures, characteristics of quantities, cause-effect
relationships, assumptions, systems thinking, and mathematical reasoning. This
categorical distinction revealed various origins of poor conceptual understanding.
These origins were linked to different educational theories on concept learning,
including ontological miscategorisation and complexity-reduction. Besides these
theoretical implications, our outcomes practically inform educators on potential
fallacies in students’ conceptual understanding that may need to be addressed. We
suggest that educators may be helped by distinguishing between misconceptions
and misunderstandings in their teaching. Misconceptions are robust incorrect
scientific beliefs that are difficult to alleviate because the learner should undergo
conceptual change, whereas misunderstandings are flaws in one’s thinking that
may be quickly resolved by making the learner aware of these flaws through direct
instruction. Accordingly, developing conceptual change instructions and creating
awareness by explicitly addressing misconceptions and misunderstandings is
an important step towards developing effective instructional designs that may
advance physiology education.
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Introduction

Medical education should expand students’ comprehension of human body
functions. This is challenging as students find it difficult to grasp an accurate
understanding of the underlying physiological concepts (Michael et al., 2002;
Modell, 2007). Students’ conceptual understanding of medical physiology has
shown to be rather limited and difficult to enhance through traditional teaching
methods (Palizvan et al., 2013; Ahopelto et al., 2011). The cause may lie in the
so called misconception phenomenon that refers to a learner’s incorrect mental
model which is incongruent with the accepted scientific model (Posner & Strike,
1982; Chi et al., 1994a).

Misconceptions in medical physiology have been demonstrated repeatedly
(Michael et al., 2002; Palizvan et al., 2013; Versteeg et al., 2019). Educational
theorists working on concept formation and conceptual change have provided
various explanations for the existence of misconceptions and the difficulty in
debunking them. For instance, students may enter their medical education with
naive beliefs about concepts, based on everyday life experiences or incorrect
inferences from previous education (Posner & Strike, 1982; Chi et al., 1994a;
Feltovich et al., 1988). These naive beliefs appear highly resistant to change,
since they may provide a system of explanation which seems relatively internally
coherent (Vosniadou, 1994).

Although there is ample research on students’ level of conceptual
understanding in medical physiology education, the specific origins of inaccurate
conceptual understanding remain underinvestigated (Fyrenius et al., 2007). In
this study, our primary aim was to qualitatively explore the spectrum of students’
inaccurate understanding regarding the interrelated concepts of pressure, flow
and resistance. These concepts are of particular interest, since previous studies
showed that medical students’ ability to correctly understand these concepts and
the relationships between them appeared very limited (Versteeg et al., 2019;
Versteeg et al., 2019). Findings may have implications for teaching and learning of
these concepts specifically. Moreover, we expect our results to enrich theoretical
frameworks on concept learning in general so they may also be transferred to
other contexts.

Methods

Context of the study

The study was carried out in the medical school at Leiden University Medical
Center. One-hundred fifty-six first-year medical students (N = 156) participated
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in this study, which was performed during a small group teaching seminar on
cardiovascular physiology. This seminar was part of a compulsory, 8-weeks course
on integrative cardiovascular, respiratory and kidney physiology at the beginning
of the second semester. In the first semester, students had completed courses
on cellular and molecular human biology. During the physiology course, students
met in seminar groups (12-17 students per group) once a week for 2-4 hours.
The total amount of scheduled time for the course is, on average, 20 hours/week.
Besides the seminars, scheduled educational activities are lectures, practical
sessions, computer sessions, and interactive sessions with experts. Summative
assessments are performed half-way and at the end of the course by exams
with multiple choice questions. Additionally, students earn credits by writing an
essay. The seminars focus on solving clinically-based scenarios in small-group
sessions led by an expert. This study was performed during the first seminar of
the course. As preparation for the seminar the students were instructed to study
a textbook section (Boron & Boulpaep, Medical Physiology, 3rd ed, p.412-420)
on the basics of hemodynamics. Briefly, this sections handles the definitions of
flow, (driving) pressure and resistance, and how these are related via Ohm’s law
of hydrodynamics. It explains how vascular resistance is related to the length and
diameter of a vessel and the viscosity of the fluid via the Poiseuille equation, and
under which conditions this equation is valid (or at least a good approximation).
Furthermore, it is explained how overall resistance can be calculated in case of
multiple resistances arranged in series and/or in parallel. These topics were also
introduced and explained in a prior plenary lecture.

Study design

During the seminar, students were given a formative test consisting of eight open-
ended questions. These were two-tier questions; the first tier was a multiple choice
question, e.g. Q: “what happens to the bloodflow?” A: “Increases/decreases/stays
the same”, and the second tier was an open-ended question asking to explain
one’s answer to the first tier. The eight questions were divided in two sets of
four, for which students received the correct explanations of the first set before
answering the second set. All questions were related to the concepts of flow,
pressure and resistance of blood in the cardiovascular system. Students had four
minutes per question to provide an answer to the multiple choice question plus
a written explanation All questions and correct explanations were designed by a
physiology teacher (PS) with longstanding experience in cardiovascular research
and teaching, and designing and reviewing exam questions.
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Data analysis

Using a qualitative approach, the written explanations were first independently
coded by two researchers (MV and PS). A conventional content analysis was
performed, which means that the codes were derived directly from the text data
(Hsieh & Shannon (2005). The team members read the answers and performed
open coding in isolation. The team met on a regular basis after coding each question
to review the code structure and to resolve any discrepancies between codes.
The coding process was iterative as codes were adjusted until full agreement was
reached. For each of the four initial questions, a separate codebook was established.
Subsequently, these codebooks were applied to the second set of questions and
adjusted when needed. In the final stage, all codebooks were merged to identify
overarching themes in the data. Educational theories on concept learning were
informative during this final stage and helped to put these overarching themes
into broader perspective (Chi et al., 1994a; Feltovich et al., 1988).

Ethical considerations

Students participated in this study on a voluntary basis and they could withdraw
their consent at any time. Students received no additional credit for participating
in the research. They were informed that all data would be anonymised and test
performance had no effect on their course grade. The study protocol was approved
by the LUMC Educational Research Review Board (ERRB).

Results

From the analysis seven categories emerged, labeled as: characteristics of
substances, characteristics of structures, characteristics of quantities, cause-
effect relationships, assumptions, systems thinking, and mathematical reasoning.
The labeled categories are summarised in Table 1 with a description and clarified
by examples. In the text, quotes from students’ (S1-S156) answers to the various
questions (Q1-Q8) can be found.

Characteristics of substances

Students described a substance using characteristics that physically do not
belong to that specific substance. For instance, students stated that blood, i.e. a
substance: liquid, is compressed when a vessel narrows. However, in fact, liquids
are incompressible unlike gases. Some argued that the blood is compressed either
within or before the narrowed section, resulting in locally increased blood pressure.
This fallacy was often found when the question involved vasoconstriction.
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“Blood is compressed due to the vessel narrowing, resulting in increased
pressure.” (S1, Q4)

Characteristics of structures

Students incorrectly related specific characteristics to physical structures,
e.g. series and parallel vascular networks, leading to incorrect implications or
effects. For instance, students stated that in case of a parallel vessel network, i.e.
a structure, blood will always be equally distributed between the vessels, implying
that this distribution of flow occurs independent of the vessel’s characteristics.
Also, some students wrote down that in a parallel vascular system, all blood
will flow to the one vessel with the lowest resistance. However, in fact, blood is
distributed according to the characteristics of all vessels in the system. This fallacy
was often found in questions involving a parallel system of either two or three
vessels of which one was partially or fully restricted.

“By restricting one of three parallel vessels, more blood has to pass the
two remaining vessels. One of the remaining vessels has a higher resistance
due to its smaller diameter. Blood will choose the easy way and will flow
through the other vessel...” (§56, Q2)

Characteristics of quantities

Students used an incorrect definition of a quantity or attributed the wrong
characteristics to a quantity. They often seemed to either interchange or
equate quantities that are fundamentally different and thereby assign the
wrong characteristics to a specific quantity. For instance, students stated that
a blood vessel has a maximum capacity [a characteristic] beyond which flow [a
quantity] cannot increase because it does not “fit”. These students appear to
have interchanged or equated the quantities flow and volume. In fact, even in a
completely stiff tube, in which a volume change would be impossible, flow will
always increase when perfusion pressure increases (although the rate of increase
declines when flow becomes turbulent).

“Flow increases, but the capacity of the blood vessel is not enough to
double the flow.” (S68, Q3)

Cause-effect relationships

Students made incorrect or unjustified inferences. For incorrect inferences, cause
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and effect were sometimes inversed, e.g. a change in flow causes a change in
resistance, instead of the other way around. For unjustified inferences, students
tended to describe cause-effect relationships between two quantities, e.g.
resistance and flow, while ignoring the effect of a third quantity, e.g. pressure.

“Flow in vessel #1 has halved, causing the resistance to double.” (§102,

Q7)

Assumptions

Students made incorrect or unfounded assumptions that led to an incorrect
conclusion. This usually entailed the incorrect assumption that either the flow,
the pressure or the resistance remained constant and thereby ignoring the effect
of its actual change, leading to an incorrect conclusion, e.g. many students stated
that when one of the vessels in a parallel structure is blocked all flow previously
flowing through that vessel is now rerouted through the other parallel vessels.
This indicates that the students assumed that the total flow remained constant.
This is generally not correct because the vessel blockage implies that total
resistance increased and thus, unless perfusion pressure increased, total flow
actually decreased.

“The AP stays the same and the R stays the same too, so the flow does not
change.” (S57, Q2)

Systems thinking

Students mentioned that local changes only have local effects. They did not
consider or recognise the context of the system and only reasoned by considering
an isolated part of the system. For instance, some students thought that local
alterations in the system, such as a vessel narrowing, would only have an effect
on local flow or local pressure and many students argued that upstream pressures
are not affected by more down-stream alterations in vessel diameter.

“The vasoconstriction happens after the place were pressure is measured.
So, at the place of the pressure sensor the resistance and flow remain
unchanged, so AP should not have changed either.” (S23, Q4)

Mathematical reasoning

Students showed difficulty in interpreting and applying mathematical formulas or
mathematical rules. For instance, some students incorrectly interchanged
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percentages, fractions, differences and ratios. Furthermore, some students
reasoned that if two variables in an equation change in the opposite direction,
these effects will cancel each other out resulting in a net effect of zero.

“R = (P decreases) / (F increases). If the denominator increases and the
numerator decreases, they will cancel each other out.” (S155, Q1).

Discussion

Many medical students seem to have a poor understanding of the concepts
underlying physiological processes (Michael et al., 2002; Modell, 2007; Versteeg
et al.,, 2019). However, the origins of inadequate conceptual understanding have
received limited attention. This study qualitatively explored students’ fallacies
in conceptual understanding. The content was focused on the interrelated
concepts of pressure, flow and vascular resistance in the cardiovascular system.
A qualitative analysis of students’ answers to open-ended questions on these
topics revealed various inconsistencies in conceptual understanding, which were
sorted in seven emerging categories. Here, we discuss our findings in the light
of existing educational theories on concept learning. Moreover, we elaborate on
the relevance of our qualitative approach for developing effective instructional
designs in order to advance physiology education.

Educational theories on concept learning

The fallacies in students’ descriptions of characteristics of substances, structures,
and quantities align with existing educational theories on concept learning namely,
ontological miscategorisation, static bias, and complexity-reduction.

Ontological miscategorisation

The fallacies on the characteristics of substances and structures fit the idea of Chi
and colleagues that concepts can be “ontologically” miscategorised and that the
misconception can be alleviated by reassigning the concept to its right category
(Chi & Roscoe, 2002). For instance, the fallacy that blood can be compressed
was often used as an incorrect justification for changes in blood pressure and
flow. In this case, describing blood as something that can be compressed may
imply that students conceive of blood as a gas which is different from the tangible
category of liquids (Vosniadou, 1994). Similar ontological miscategorisations
could be identified in the fallacies that flow will only influence pressure if there
is not enough space in the circulatory system, or that blood does not fit, or that
resistance can disappear.
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Static bias

Furthermore, our findings related to the fallacies on the characteristics of
quantities indicated that students have difficulty to distinguish between physical
quantities. This aligns with Feltovich and colleagues’ idea, named the static bias
(Feltovich et al., 1988). In static biases, a dynamic concept such as flow is treated
as a static concept such as volume leading to incorrect inferences. Equating blood
flow with blood volume was done frequently by students in our study, and is a form
of inconsistent thinking that has already been described in previous literature
(Feltovich et al.,, 1993). Feltovich and colleagues (2012) have noted similar
examples related to cardiac output, in which the rate of blood flow is often treated
by students as changes in blood volume. Following this line of reasoning, cardiac
output would increase blood volume, and blood pressure in the veins accordingly.

Complexity-reduction

Our findings indicate that various categories, i.e. cause-effect relationships,
assumptions, and systems thinking, comprise maladaptive ways of thinking that
relate to the complexity-reduction idea of Feltovich et al. (1998). According to
this idea students attempt to underdimensionalise concepts, breaking them
down in separate operative variables instead of dealing with the complexity of
interactions. For example, the oversimplification of cause-effect relationships was
clearly evident as students tended to write about one cause leading to one effect.
Also, some students described multiple one to one cause-effect relationships, but
did not consider the conceptual integration of the relationships. Another example
refers to the unfounded assumptions students made, which generally entailed that
one of the variables did not alter. This allows one to reason with only two remaining
variables, thereby reducing complexity. Complexity-reduction can also be found
in systems thinking, where students would often apply a local characteristic to
the complete system or structure or vice versa, e.g. the total pressure drop (IP)
remains unchanged, therefore, the AP of a specific part of the system also remains
unchanged. According to Feltovich et al. (1988), these reductive tendencies are
readily adopted not only due to cognitive ease, but also through reinforcement
of the educational system. Spiro referred to this phenomenon as an unintended
conspiracy of convenience in which simplification of the material in textbooks,
lecture slides, assignments, etcetera, makes teaching and learning easier for both
educators and students (Spiro et al., 1987). As stated by Feltovich and Spiro,
complexity-reduction can form a source of misconceptions.
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Multiplicative and proportional reasoning

Regarding mathematical concepts, our findings showed that students have difficulty
understanding the differences between fractions (or ratios) and percentages. These
concepts belong to the multiplicative conceptual field (Vergnaud, 1983). There
is a long history of research illustrating that learners find it hard to understand
such multiplicative concepts (Behr et al., 1992). It appears difficult to get a good
grasp of these concepts partially because they require reconceptualization of the
notion of unit and because they call for operating with composite units instead
of singleton units (Sowder et al., 1988). Misconceptions may arise when the
distinction between fractions and proportional reasoning is not made explicit or
when these concepts are not taught in an integrated way.

In summary, our emerged categories align with various existing theoretical
frameworks on concept learning. We believe they can be transferred to other
physiological contexts to inform educators and researchers about the origins of
poor conceptual understanding in medical physiology education.

Practical implications

Exploring students’ conceptual understanding has yielded outcomes that may have
important practical implications for teaching medical physiology. For instance, our
findings illustrate the conceptual areas that are most likely difficult to understand
for students and which educators may focus on during their teaching.

Furthermore, our findings indicated that students have difficulty understanding
and applying various mathematical concepts such as fractions and ratios in the
medical physiology context. This implies that medical education would benefit
from additional reinforcement of mathematical skills. There are only few studies
addressing mathematical thinking in medical school, so further research is needed
to indicate students’ needs (de Leon, 2018).

Finally, we would like to suggest that educational practice could benefit from
a distinction between misconceptions and misunderstandings (Trotskovsky et al.,
2013). Misconceptions are very robust ideas that are incongruent with current
scientific views (Posner & Strike, 1982; Chi et al., 1994a). In such cases, correction
requires a fundamental conceptual change and associated conceptual change
instructions (Ahopelto et al., 2011; Alparslan et al., 2003). On the other hand,
a misunderstanding is considered an incorrect interpretation or understanding
of something that can often be corrected readily by direct instruction. In our
findings, we identified categories that may fit the group of misconceptions,
namely; characteristics of substances, structures and quantities, which frequently
require ontological shifts. The categories that may be considered forms of
misunderstandings are cause-effect relationships, assumptions, and systems
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thinking. To our knowledge, such a distinction between misunderstandings and
misconceptions has not been described before in physiology and may form a
relevant contribution to views on concept learning in physiology education.

In general, educators should create awareness among students about these
common misconceptions and misunderstandings during their teaching, thereby
facilitating concept learning. We believe that these outcomes do not only have
direct consequences for the specific concepts that were examined in this study,
but can also be transferred to other contexts in medical physiology education.
Namely, having accurate mathematical knowledge or being able to distinguish
between static and dynamic concepts are general skills that will also benefit
scientific reasoning in, e.g., renal and lung physiology. Future studies could further
investigate how these findings can be used to optimise instructional designs in the
medical curriculum.

Methodological considerations

The task was a written assignment and for practical reasons a time limit was set
to answer each question. Both factors may have influenced to the completeness
of responses. We cannot rule out the possibility that responses would have been
more extensive and detailed if the task had been performed verbally or without
time constraints. However, the written approach allowed us to perform the
study with a relatively large cohort in a classroom setting that was part of the
standard curriculum. We aimed for such a natural learning environment to obtain
authentic responses from students that were actually enrolled in the physiology
course. Furthermore, the study design included two sets of four questions each
and the students were allowed to review the answers to the first set of questions
before starting with the second set. This may have enhanced students’ prior
knowledge for this second set which may have increased the variety of responses,
thereby aiding us in gaining a broader spectrum of students’ understanding in this
qualitative study. Lastly, a conventional content analysis, rather than a summative
or directed content analysis, was chosen to gain qualitative information from
student responses without imposing preconceived theoretical frameworks or
categories (Hsieh & Shannon, 2005).

Conclusion
This study reveals new insights into the understanding of physiology concepts
or lack thereof by first-year medical students using a qualitative approach. A

conventional content analysis on students’ written responses yielded various
categories that entail different origins of thinking fallacies. These categories
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are: characteristics of substances, characteristics of structures, characteristics
of quantities, cause-effect relationships, assumptions, systems thinking, and
mathematical reasoning. Acknowledgement of these different types of inadequate
conceptual understanding may help educators and researchers to develop more
effective instructional designs in order to advance medical physiology education.
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CHAPTER 5

Abstract

Obtaining adequate understanding of scientific concepts is considered
challenging due to learners’ erroneous misconceptions about natural phenomena.
Misconceptions may coexist with scientific knowledge in the brain. Therefore,
misconceptions must be cognitively inhibited in order to select the scientific
knowledge. There is, however, lack of substantial neuroscientific evidence
supporting this hypothesis. In this study, we sought for this evidence by
investigating medical students who solved a cardiovascular conceptual problem in
a magnetic resonance imaging scanner. Brain activation was compared between
understanders who had the scientific knowledge, and misunderstanders who
held a misconception. No significant activation was found in brain areas related
to cognitive inhibition in understanders compared with misunderstanders.
Therefore, we could not confirm the idea that cognitive inhibition is involved in
overcoming a misconception. Instead, we found that the putamen was significantly
activated in misunderstanders compared with understanders, suggesting a role
for episodic memory in learners holding a misconception.

74



AN UNDERSTANDING OF (MIS)UNDERSTANDERS

Introduction

Learning scientific concepts can be challenging due to the prevalence of
misconceptions. Misconceptions are conceptions that are inconsistent with
scientific knowledge, resulting in inaccurate conceptual understanding (Chi et
al., 1994a; Potvin, 2013). A learner holding a misconception is referred to as a
‘misunderstander’, whilst a leaner with the correct scientific conception is an
‘understander’. Notably, misconceptions tend to be very robust and often persist
after formal education (Palizvan et al., 2013; Periago & Bohigas, 2005). In order
to help educators design effective teaching and learning strategies to alleviate
misconceptions, we aim to understand the underlying mechanism of concept
learning.

Different theoretical frameworks attempt to delineate the learning pathway
from misconception to scientific conception, also referred to as conceptual change
(Duit & Treagust, 2012). A hypothesis is that initial misconceptions are never
fully removed after conceptual change, but that they coexist with the scientific
conception (Potvin, 2013, 2017; Shtulman & Lombrozo, 2016). The idea that a
misconception can coexist with scientific knowledge implies that one should be
able to select the scientific knowledge over the misconception. This process has
been referred to as ‘competitive evaluation’, in which the conception with a higher
cognitive utility in the context of interest is chosen (Ohlsson, 2009).

Behavioural experiments imply that competitive evaluation requires cognitive
inhibition (Hung et al., 2007). This finding was based on studying reaction time as
an indicator of activation of inhibitory processes. For instance, when given limited
time to answer a question, students and even expert scientists tended to endorse
teleological explanations of natural phenomena (Kelemen & Rosset, 2009; Kelemen
et al., 2013; Shtulman & Valcarcel, 2012). The rationale behind these experiments
is that one’s ability to inhibit misconceptions is impaired by processing demands.
Thus, misconceptions about natural phenomena may possibly never be removed
from the brain, and therefore need to be cognitively inhibited when one wants
to reason in a scientifically correct way. However, there is lack of substantial
evidence from cognitive neuroscience that supports the hypothesis about the role
of cognitive inhibition in conceptual understanding.

Cognitive inhibition seems related to activation in specific brain areas, including
the anterior cingulate cortex (ACC), anterior insula, dorsolateral prefrontal cortex
(dIPFC), and parietal regions (Hung et al., 2018). However, current functional
magnetic resonance imaging (fMRI) studies were unable to show significant (Family
Wise Error corrected) activation in these areas in understanders who, according
to the hypothesis, inhibit their misconception compared with misunderstanders

75



CHAPTER 5

who hold the misconception (Dunbar et al., 2007; Foisy et al., 2015; Fugelsang &
Dunbar, 2005; Masson et al., 2014; Vaughn et al., 2020). Consequently, no study
has yet confirmed the hypothesis that misconceptions are never removed from the
brain and need to be inhibited when one has to provide the scientific knowledge.

Our study aims to investigate which brain areas are involved in (mis)
understanding scientific concepts. Therefore, we test the hypothesis whether
understanders show more activation in brain areas related to cognitive inhibition
compared with misunderstanders. Our findings will provide insight in the brain
areas associated with concept learning and may therefore have implications for
educational practice regarding teaching scientific concepts.

Methods

Participants

Fifty health professions education students participated in this study. These
participants were undergraduates at the Leiden University Medical Center
studying medicine, biomedical sciences or clinical technology. The participants
were enrolled in physiology courses during their education which were all
organised by the same coordinator (PS). In these courses, all students were taught
about the physiological concept of blood velocity that was underlying the fMRI
task.

Students could sign up for the experiment voluntarily. In order to avoid potential
priming effects, the students were not subjected to any tests or questionnaires
prior to the fMRI experiment. Consequently, it was unknown if the participant was
holding the misconception or not prior to the fMRI scan.

No abnormal neurological history was reported by any of the participants and
they all had normal or corrected-to-normal vision. Only right-handed students
were included. Written informed consent was obtained in accordance with the
LUMC Institutional Ethical Review Board approval (P19.027).

fMRI task

For the fMRI task, we used movies illustrating a common misconception in medical
physiology, which entails that students believe the velocity of blood decreases
when it enters a constricted section of a vessel, just like cars slow down when
the road narrows (Figure 1). This thought is incorrect since blood, being a liquid,
cannot be compressed and will not slow down when it enters a constricted section
of a vessel. Rather, the conservation of mass law implies that a reduction in cross-
sectional area goes with an increase in blood velocity, i.e. the scientific conception.
All students had direct instruction about this concept during their medical training.
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During the task, participants were asked to determine if movies on blood
velocity were correct or incorrect by pressing one of the two buttons with the
index finger or middle finger, respectively. Four different conditions were
presented using four types of movies: (1) misconception movies showed the
incorrect conception that blood flows slower through a narrowed part of a vessel,
(2) scientific movies showed the correct scientific conception that blood flows
faster through a narrowed part of a vessel, (3) positive control movies showed
a vessel without narrowing in which the velocity of the blood did not change, (4)
negative control movies showed a vessel without narrowing in which the speed of
the blood would suddenly change. The blood velocity was illustrated by showing a
single moving blood cell moving through the center of the vessel.

A participant was classified as an understander when he/she responded
correctly to both the misconception and the scientific conception condition, or
as a misunderstander when he/she responded incorrectly to these conditions
during the fMRI task. Understanders and misunderstanders were expected to
respond similarly to the positive and negative control conditions. These conditions
were used to ensure that the task was understood correctly by all participants.
Additionally, the negative control could potentially involve inhibition related to
error-detection whereas the positive control was expected not to trigger any
inhibitory mechanisms. All conditions included a vessel, but the location of the
vessel was different in each movie to ensure that participants had to stay focused.
Furthermore, the direction of the blood cell’s movement varied from left to right
and from right to left.

The stimuli were randomly presented according to an event-related design, in
which the same condition never occurred twice in a row. The movies lasted 4.0
sec each. Each movie was followed by a fixation cross for 3.0-5.0 sec. In total, 82
stimuli were presented: misconception condition n = 21, scientific condition n =
21, negative control condition n = 20, positive control condition n = 20. The stimuli
were divided into two runs of 41 stimuli each, resulting in a total time of 5 min 27
sec per run. The participants were given a short break in the scanner in-between
the two runs.

Procedure

Participants were given oral instructions by the first author (MV) and watched
one example movie of each condition outside the scanner. Next, participants were
placed into the MRI scanner for the data acquisition. During the task, stimuli
were presented using E-Prime 2.0 software (Psychology Software Tools, Inc.)
via a BOLD screen LCD for fMRI (Cambridge Research Systems), which could
be seen by using the mirror located in the head coil. Participants’ responses
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(correct or incorrect) were collected with an MRI-compatible button response
box. Participants were explicitly informed not to move during scanning.

After the scan session, participants were taken back to the interview room
and performed a short post-test. To confirm their behavioural results in the MRI
scanner, they were asked to give a written response to the question: “What happens
to the velocity of the blood cell in the narrowed part of the vessel compared to
its velocity before the narrowing?”. Additionally, the participants provided
a confidence score regarding their answer on a 5-point Likert scale (complete
guess, rather unsure, doubting, almost sure, completely sure).

Group classification

Based on their behavioural data during the fMRI task and their answer given
on the written post-test, participants were classified as understanders or
misunderstanders respectively. The understanders were participants who held
the scientific conception that “blood flows faster through a narrowed part of a
vessel”. During the fMRI task, participants needed to provide 90% or more
correct answers to the scientific stimuli and misconception stimuli in order to
be classified as an understander. The misunderstanders were participants who
held the misconception that “blood flows slower through a narrowed part of a
vessel”. During the fMRI task, participants needed to answer incorrectly to the
scientific stimuli and misconception stimuli for more than 90% to be classified as a
misunderstander. Participants who tended to be misunderstanders, but who had
more than 10% correct answers for scientific stimuli and misconception stimuli
were excluded from the analysis (n = 2). One participant had more than 10%
missing answers and was also excluded from the analysis.

Image acquisition and preprocessing

The MRI data was acquired with a Philips 3.0 Tesla MRI scanner (Ingenia, Philips
Medical Systems, Best, the Netherlands) using a standard 32-channel head coil.

b

Figure 1 | Examples of stimuli presented in the MRI scanner during the blood velocity task:
(a) Narrowed blood vessel used in the misconception condition and scientific conditions, (b)
Control blood vessel used in the negative control condition and positive control conditions.
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For registration purposes, a three- dimensional T1-weighted structural image was
acquired prior to the functional images. Structural images were obtained with TR/
TE = 7.9/3.5 ms, flip angle = 8°, FOV = 250 x 195 mm, voxel size = 1.10 x 1.10 x
1.10 mm, number of slices = 155. Functional images were obtained with two runs
using a gradient echo EPI sequence: TR/TE = 2200 / 30 ms, flip angle = 80°, FOV
=220 x 220 mm, and voxel size = 2.75 x 2.75 x 2.75 mm, number of slices = 153.

Preprocessing was performed using FSL libraries (FSL 5.0.11, Oxford, United
Kingdom, www.fmrib.ox.ac.uk/fsl) (Smith et al., 2004). First, non-brain tissue
was removed from the structural images using a semi-automated brain extraction
tool as implemented in FSL (Smith, 2002). Next, functional images were high-pass
temporally filtered (100 sec), motion corrected using MCFLIRT, and spatially
smoothed by using a 6-mm Gaussian kernel. Functional images were registered to
the corresponding T1-weighted images using Boundary-Based Registration. T1-
weighted images were registered to the 2 mm isotropic MNI152 standard space
image using nonlinear registration with a warp resolution of 10 mm. All scans
were submitted to a visual quality control check before and after preprocessing to
ensure that no gross artefacts were present in the data.

Data analyses

Stimulus timing files were created for each participant based on the movie onset
times and stimulus duration (= movie onset time + reaction time). To model the
time course of the BOLD signal, a general linear model was used for the within-
and between subject analyses (Woolrich et al., 2004). The model was convolved
with a hemodynamic response function. Temporal derivatives of the convolved
regressors were included in the statistical design to account for potential offsets in
peak BOLD responses. In addition, six movement parameters were included in the
model as regressors of no interest, to account for differences in movement, even
after motion correction. Gender was included as a covariate.

FSL FMRI Expert Analysis Tool (FEAT) was used for the MRI data analyses
(Smith et al., 2004). A first-level analysis within subjects was used to obtain an
independent outcome for each contrast on a single subject basis. A second-level
analysis was performed to concatenate the two sessions per subject (fixed effects).
A third-level group analysis was performed to obtain the contrasts of interest on
a group level (random effects, 5000 permutations, unpaired t-test). Group-level
activation maps were created using a cluster defining threshold of p < .001 and a
cluster extent threshold of p < .05 (Family Wise Error (FWE) corrected).

Participants’ demographics and behavioural data were analysed using
independent Students t-tests (IBM SPSS Statistics Version 23.0, IBM Corp.
Armonk, NY, USA).
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Results

Group characteristics and behavioural data

Participants were divided in two groups: understanders (n = 20, age: 20.4+1.9,
gender: 25% male) and misunderstanders (n = 27, age: 21.0£1.6 (p = .230),
gender: 0% male (p = .005)). These two groups were based on the following
behavioural data: understanders answered correctly to the misconception (21
out of 21) and scientific conception (20.6 out of 21), misunderstanders answered
incorrectly to the misconception (0.1 out of 21) and the scientific conception (0.3
out of 21). Both groups answered correctly to the positive control (understanders:
19.7, misunderstanders: 19.7 out of 20) and the negative control condition
(understanders: 19.9, misunderstanders: 20.0 out of 20). The difference in
response accuracy was significant between the groups for the misconception (p <
.001) and the scientific conception (p < .001), but not for the control conditions.
These results were fully consisted with participants’ written answers on the post-
test (not shown).

To verify that participants were confident in their given answer, they reported
their confidence after the task on a 5-point Likert scale. There was no significant
difference in the 5-point Likert confidence scores of the understanders (3.8+1.0)
compared with the misunderstanders (4.0£0.6), p = .320.

Table 1 presents the reaction times of understanders and misunderstanders.
Overall, understanders responded slower than misunderstanders in all four
conditions. Within each group, there were no significant differences in reaction
times between the different conditions.

Neuroimaging data

Figure 2 shows the brain areas that were significantly activated in understanders
(Figure 2A) and misunderstanders (Figure 2B) when performing the blood velocity

Table 1 | Reaction times (sec) of understanders and misunderstanders for the four different
conditions.

Understanders (n = 20) Misunderstanders (n = 27)
Condition reaction time M (SD) reaction time M (SD) p
Misconception 2.52 (0.14) 2.41 (0.15) .010
Scientific 2.51(0.15) 2.41(0.16) .040
Negative control 2.49(0.13) 2.40 (0.15) .048
Positive control 2.57(0.16) 2.43(0.17) .006
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C Understanders > Misunderstanders >
Misunderstanders Understanders

A Understanders B Misunderstanders

Scientific
conception

Misconception

Positive control

[Negative control

Figure 2 | Brain areas activated during the four conditions in understanders, misunderstanders, and in the comparison between both
groups. A) Understanders showed significant activation in parietal and temporal areas, inferior prefrontal cortex, SMA, insula, putamen,
and the upper part of the ACC in all four conditions. Only for the misconception and negative control, significant activation was shown
in the anterior- and vIPFC. B) Misunderstanders showed significant activation in parietal and temporal areas, inferior prefrontal cortex,
dIPFC, SMA, insula, putamen, and the upper part of the ACC in all conditions. Additionally, significant prefrontal activation in the anterior
prefrontal cortex was found in the negative control only. C) In none of the conditions, understanders showed more brain activity compared
with the misunderstanders. D) In both the scientific condition and misconception condition, the putamen was more activated in the
misunderstanders compared with the understanders. All findings were cluster-defining thresholded p < .001, cluster extent thresholded
p < .05, FWE corrected, using random effect analysis.
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fMRI task. Furthermore, the comparisons between these two groups are shown
(Figure 2C and 2D). Details on cluster activation can be found in Supplementary
G.

Understanders

Within the understanders group, significant activations were found for all
four conditions in superior- and inferior parietal areas (BA7, BA39, BA40),
temporal areas (BA22, BA37, BA41), the inferior prefrontal cortex (BA44), the
supplementary motor area (SMA, BA6), the insula (BA13) the putamen (BA49),
and brain areas related to the ACC (BA24, BA32) (Figure 2A). Additionally,
significant activation of the anterior prefrontal cortex (BA10) and ventrolateral
prefrontal cortex (vVIPFC, BA47) was shown for the misconception and negative
control condition.

Misunderstanders

Misunderstanders showed significant activation in brain areas similar to the
understanders in all conditions. These brain areas include the superior and inferior
parietal areas (BA7, BA39, BA40), the inferior prefrontal cortex (BA44), temporal
areas (BA22,BA37,BA41), the SMA (BA6), the insula (BA13) the putamen (BA49),
and brain areas related to the ACC (BA24, BA32) (Figure 2B). Contrary to the
findings in the understanders, significant activation was also found in the dIPFC
(BA9) in all conditions. Additional prefrontal cortex activation (BA8, BA10) was
found in the negative control condition.

Misunderstanders compared with understanders

Misunderstanders showed significantly more brain activation in the putamen
(BA49) compared with the understanders for the scientific conception and
misconception condition (Figure 2D). For the positive and negative control,
there were no significant differences between the groups (Figure 2C and
2D). The understanders did not show more brain activity compared with the
misunderstanders as none of the relative activations survived the p < .05 threshold
(Figure 2C).

Comparison of different conditions

Figure 3 shows brain areas that were significantly activated in comparisons
between different conditions. Results are displayed for understanders (Figure 3,
left column) and misunderstanders (Figure 3, right column) separately. Details on
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Understanders Misunderstanders

el » ~— ~
Scientific conception > Positive control

pmd R .
Scientific conception > Negative control

Scientific conception > Misconception

Figure 3 | Comparison of the different conditions in understanders and misunderstanders.
A) In the scientific conception compared with the positive control condition, more brain
activity was found in parietal regions in both groups. B) In the scientific conception
compared with the negative control condition, more brain activity was found in parietal
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areas, visual associative areas, and the occipito-temporal cortex in both groups. C) In
the misconception compared with the positive control condition, more brain activity was
found in parietal areas and prefrontal areas in understanders. For misunderstanders, more
brain activity was found in parietal areas, temporal areas and visual-associative areas. D)
In the misconception compared with the negative control condition, more brain activity
was found in parietal areas in understanders. For misunderstanders, additional greater
activation was found in visual associative areas and the occipito-temporal cortex. E) In the
negative control condition compared with the positive control condition, greater activation
was found in parietal areas, temporal areas, and prefrontal areas in understanders. For
misunderstanders, greater activation was found only in parietal areas and the occipito-
temporal cortex. F) In the misconception compared with the scientific conception condition,
no significant activation was found for the understanders. For misunderstanders, greater
activation was found in parietal areas, visual associative areas, and temporal areas. G) In
the scientific conception compared with the misconception, no significant activation was
found in both groups. All findings were cluster-defining thresholded p <.001, cluster extent
thresholded p < .05, FWE corrected, using random effect analysis.

cluster activation can be found in Supplementary H.

For both the scientific conception and misconception, there is more brain
activity compared with the control conditions in parietal regions (BA7, BA39,
BA40) in both groups (Figure 3A-D). Additionally, for misunderstanders, more
brain activity was found in the visual association region (BA18) and occipito-
temporal cortex (BA19) in all comparisons except for the scientific conception
versus positive control (Figure 3B-D). Furthermore, misunderstanders showed
more activation in the fusiform gyrus (BA37) for the misconception versus positive
control (Figure 3C).

In the negative control condition compared with the positive control condition,
more brain activity was found in parietal areas (BA39, BA40) in both groups
(Figure 3E). Additionally, for misunderstanders, more brain activity was found
for the superior parietal lobe (BA7). Understanders showed more brain activation
in temporal regions (BA21, BA37, BA38).

Prefrontal brain areas displayed more brain activity in two comparisons. This
finding was limited to understanders only. First, in the misconception compared
with positive control, more brain activity was found in the orbitofrontal cortex
(BA11) and vIPFC (BA47) (Figure 3C). Similar, more brain activity was found for
the negative control compared with the positive control, with additional greater
activation in the anterior prefrontal cortex (BA10) (Figure 3E).

In the scientific conception compared with the misconception, greater
activation was found in visual associative areas (BA18), the angular gyrus (BA39)
and temporal regions (BA21, BA37), for misunderstanders only (Figure 3F).
Understanders showed no greater relative activation for this comparison.
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Discussion

The present study investigated the underlying mechanisms of concept learning by
comparing brain activity in understanders and misunderstanders. The hypothesis
that understanders cognitively inhibit their misconceptions could not be confirmed
by our findings. Instead, we found brain activity in brain areas related to cognitive
inhibition in both groups and also in control conditions. We suggest that these
brain areas may play a role in memory retrieval rather than cognitive inhibition.
In addition to previous studies, we report greater activation in the putamen in
misunderstanders, suggesting a role of episodic memory in learners holding a
misconception.

A role for cognitive inhibition?

Our findings show more activation of brain areas that have been suggested to be
associated with cognitive inhibition: the dorsal ACC (BA32), the bilateral dIPFC
and vIPFC (BA9, BA44), SMA (BAG6), parietal lobe regions (BA7, BA40), the insula
(BA13), and the putamen (BA49) (Hung et al., 2018). However, understanders did
not show more activation in brain areas related to cognitive inhibition compared
with misunderstanders. Moreover, these brain areas are more activated for all
conditions including the positive control condition. This makes the contribution
of these brain areas to putative cognitive inhibition in this task questionable
(Nenciovici et al., 2018). Consequently, we are unable to support the cognitive
inhibition hypothesis that was posed by previous researchers (Foisy et al., 2015;
Masson et al., 2014; Vaughn et al., 2020).

The dorsal ACC

Previous studies have reported on the role of cognitive inhibition in overcoming
misconceptions and linked this process partly to the ACC (Masson et al.,
2014; Vaughn et al., 2020). According to these studies, the ACC triggers the
inhibition response when it detects a cognitive conflict between two coexisting
representations. Based on our results, however, we suggest that ACC activation
rather represents the monitoring of ongoing behaviour or guidance of decision-
making in general (Botvinick, 2007). Namely, the ACC is more activated in all
conditions in our experiment, including the positive control where no conflicting
information is presented.

The bilateral vIPFC and dIPFC

Another brain region that has been linked to the role of cognitive inhibition is
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the vIPFC (BA47, BA10) (Allaire-Duquette et al., 2019; Foisy et al., 2015).
Researchers found more activation of this brain area in understanders compared
with misunderstanders when viewing misconception movies, and propose that the
vIPFC could be directly involved in the action of inhibition (Foisy et al., 2015).
In line with previous findings, we found vIPFC activation in understanders when
they viewed the misconception. In our case, however, the vIPFC was also more
activated in the negative control condition. Additionally, we found activation of
the inferior frontal gyrus/vIPFC (BA44) in all conditions. In sum, this suggests
that the role of the vIPFC in overcoming a misconception is still questionable
and warrants further research. Additionally, Hung and colleagues showed that
vIPFC activation is mainly associated with response inhibition instead of cognitive
inhibition (Hung et al., 2018), which implies that response inhibition task (e.g. Go/
No go) may be used as an additional control in experimental designs that aim to
uncover underlying mechanisms of science learning. A similar line of reasoning
applies to the dIPFC (BA9), which has also been shown to be involved in multiple
forms of inhibition (Hung et al., 2018).

A role for memory processes?

We found activation of the dIPFC (BA9) in the misunderstanders across all
conditions. Instead of addressing this activation to inhibitory processes, we
suggest that this activation could be linked to memory processes (Brunoni &
Vanderhasselt, 2014). Similarly, ventrolateral prefrontal areas (e.g. BA10) have
been linked to memory retrieval by previous studies (Kim, 2010; Spaniol et al.,
2009).

In addition to the prefrontal areas, increased activation in the parietal lobe
areas (BA7, BA39, BA40) was found in all conditions. These regions could also
reflect memory retrieval rather than cognitive inhibition (Cabeza, 2008; Cavanna
& Trimble, 2006; Spaniol et al., 2009). A previous study on conceptual change
by Nenciovici and colleagues also showed activation in parietal lobe areas (BA7,
BA39, BA40) and related this to memory retrieval mechanisms, specifically
episodic recollection (Cabeza, 2008; Nenciovici et al., 2018; Spaniol et al., 2009).
Additionally, functional network studies in patients have also found the insula
(BA13)toberelated to episodic memory processing (Xie etal., 2012). Furthermore,
the fusiform gyrus (BA37) which was active in almost all conditions has previously
been associated with memory processing as well (Daniel et al., 2016) and the SMA
(BAG6) has been linked to working memory function (Callas et al., 2018). Note that
none of these regions was more activated in the understanders compared with
the misunderstanders or vice versa, meaning that putative memory processing
was induced by the task in all participants irrespective of the group they were in.

86



AN UNDERSTANDING OF (MIS)UNDERSTANDERS

A role for the putamen?

The only region that was found more activated in misunderstanders compared to
understanders was the putamen (BA49). This region showed greater activation
in the misunderstanders while scientific movies and misconception movies were
presented. The putamen is involved in various types of motor behaviour. However,
the brain activity was found in experimental conditions specifically, so we can
rule out that this activity is related to a motor response. Potentially, the activation
reflects cognitive mechanisms that are associated with the misconception movies
and scientific movies. It has been shown in previous research, that the putamen is
involved in learning and memory (Ell et al., 2011).

Neuroimaging studies have proposed that the putamen is associated with
stimulus encoding and maintenance with its activity increasing in a cognitive
load-dependent manner (Cairo et al., 2004; Chang et al., 2007). Therefore,
misunderstanders may experience enhanced cognitive load when viewing
scientific movies and misconception movies compared to understanders. An
explanation could be that the understanders have automated their scientific
response pattern to the point that the contribution of working memory has been
reduced. Interestingly, however, understanders had slightly longer reaction times
than misunderstanders for all conditions, which questions the idea of reduced
working memory and more efficient processing among understanders.

Putamen activity has also been linked to episodic memory processes as several
studies have showed that increased activity in the putamen during encoding
predicts subsequent retrieval success (Ell et al., 2011; Sadeh et al., 2011; Ystad
et al., 2010). Following this line of reasoning, misunderstanders may make more
use of their episodic memory while viewing scientific movies and misconception
movies. Perhaps this is a result of misunderstanders addressing prior nallve beliefs
in order to respond to scientific and misconception stimuli. It should be noted
that the putamen has been shown to be more active for semantic than perceptual
episodic memory tasks (Prince et al., 2005). In sum, further research needs to be
conducted in order to clarify the role of the putamen in concept learning.

Implications for science education

It is a long way from brain imaging to the development of instructional designs
for educational practice (Howard-Jones et al., 2016). Still, our findings may
provide directions for teaching scientific concepts. Based on the putamen activity
and the activation of other brain areas related to episodic memory during the
fMRI task, we support previous recommendations that focus on the crucial role
of prior knowledge in teaching scientific concepts (Hewson & Hewson, 1983).
Instruction regarding conceptual understanding of scientific concepts should
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aim to disclose students’ prior knowledge and assumptions about the concept
of interest. Additionally, students’ confidence in their prior knowledge may be
addressed and students’ awareness on the robustness of their misconceptions
should be emphasised by educators. Although we did not find evidence for the
role of cognitive inhibition in conceptual understanding, explicit attention to such
metacognitive components of learning may also facilitate the putative control
processes that are involved in concept learning (Allaire-Duquette et al., 2019;
Bartley et al., 2019).

Limitations

This study has several limitations. First, we were not sure if the understanders have
had a misconception initially, e.g. prior to the physiology course. It was assumed
that all participants held or have had the misconception, based on theory, but this
could not be confirmed based on our study design as we did not want to induce
any priming effects. The lack of insight in students’ prior knowledge has also been
an issue in previous research on this topic (Foisy et al., 2015; Masson et al., 2014)
and should be taken into account in future studies. Second, cluster extent based
thresholding is accompanied with low spatial specificity, which makes it difficult
to make inferences about the statistical significance of specific locations within
the cluster. Despite the low spatial specificity, this method of analysis allowed us
to minimise the number of false positive findings. Lastly, only a small number of
men participated in our study, which is possibly a consequence of the male:female
ratio (1:3) in medical schools.

Conclusion

A hypothesis derived from science education research states that activation of
inhibitory processes is needed to overcome misconceptions that reside in the brain.
The present study could not confirm this hypothesis. Instead, findings suggest a
role for episodic memory in learners holding a misconception based on greater
activation in the putamen. This finding supports the idea that educators should
be aware of the crucial role of prior knowledge when teaching scientific concepts.
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CHAPTER 6

Abstract

Comprehension of physiology is essential for development of clinical reasoning.
However, medical students often struggle to understand physiological concepts.
Interactive learning through Peer Instruction (PI) is known to stimulate students’
comprehension, but its relative efficacy and working mechanisms remain to be
elucidated. Inthisstudy, we investigated if and how PI could optimise comprehension
of physiological concepts and transfer relative to Self-Explanation (SE) which is
considered a lower-order type of overt learning. First-year medical students (n =
317) were randomly assigned to either PI or SE in a prepost test design, followed
by a set of near and far transfer questions. In both PI and SE groups post-test
scores were significantly improved (p < .001) with PI outperforming SE (+35%
vs. +23%, p = .006). Interestingly, a substantial number of students with initial
incorrect answers even had enhanced scores after discussion with an incorrect
peer. Both methods showed higher transfer scores than control (p = .006), with
a tendency for higher near transfer scores for PI. These findings support PI as a
valuable method to enhance comprehension of physiological concepts. Moreover,
by comparing the effects of interactive PI with constructive SE we have established
new insights that complement educational theories on overt learning activities.
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Introduction

Comprehension of physiological concepts is considered one of the main gateways
towards efficient medical training (Finnerty et al., 2010). Conceptual insight in
physiology is profoundly valuable for recall and application of clinical knowledge
and diagnostic accuracy (Goldszmidt et al., 2012; Kulasegaram et al., 2013; Lisk et
al., 2016, Lisk et al., 2017; Nielsen et al., 2012; Woods, 2007; Woods et al., 2007).
However, acquiring comprehension of physiological concepts underlying clinical
cases appears problematic for many medical students (Michael, 2007).

The presence of misconceptions is among the recurring arguments to explain the
struggle that students experience in gaining conceptual understanding (Badenhorst
et al., 2016; Feltovich et al., 1993; Michael, 1998). These misconceptions may
originate from various sources, including teaching methodology (Badenhorst et
al., 2015). An interactive instructional design named Peer Instruction (PI) has been
able to improve understanding of scientific concepts (Brooks & Koretsky, 2011;
Lasry et al., 2016; Miller et al., 2014; Smith et al., 2009, Smith et al., 2011; Vickrey
et al., 2015; Zhang & Henderson, 2016). As developed by Mazur et al. (2001),
PI contrasts with traditional lectures by including questions and subsequent peer
discussions to uncover misconceptions and stimulate conceptual understanding
among students (Crouch & Mazur, 2001). In multiple studies PI has shown to
enhance student performance on medical physiology exercises (Cortright et al.,
2005; Giuliodori et al., 2006; Rao & DiCarlo, 2000; Relling & Giuliodori, 2015), but
the exact mechanisms underlying the beneficial influence of PI on comprehension
remain to be clarified. In particular, studies addressing these mechanisms through
direct comparison of PI with other types of overt learning strategies are scarce.
This has created a gap in our knowledge about the relative efficacy of PI and in our
understanding of factors that lead to the superiority of interactive learning over
other overt learning methods.

Overt learning activities typically encompass student-centered instructional
designs through which engagement of students in the learning process is fostered
(Bonwell & Eison, 1991). The usefulness of such strategies to improve students’
comprehension and tackle misconceptions has been acknowledged by the
educational research community (Anderson et al., 2011; Prince, 2004). In order to
clarify the relative effects of overt learning methods, Chi (2009) has developed the
differentiated overt learning activities framework. According to this framework,
activelearningisjustone formofovertlearning as one candistinguish activelearning
from constructive learning and interactive learning. Active strategies comprise of
one’s engagement with the learning material without creating new knowledge,
e.g. underlining sentences while reading. Constructively designed methods should
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promote generation of novel ideas that go beyond the presented information,
e.g. Self-Explanation, whereas interactive activities involve development of
each other’s thoughts and consequent co-construction of knowledge, e.g. Peer
Instruction. Chi has confirmed the hypothesis that interactive activities are most
effective for high level cognitive processing, followed by constructive and active
learning respectively (Chi & Wylie, 2014). Chi’s hypothesis has been supported by
educational research in the fields of physics and engineering (Lasry et al., 2016;
Linton et al., 2014; Menekse et al., 2013).

Chi emphasises that the mechanisms through which interactive methods cause
enhanced cognitive processing during conceptlearning are stillunclear. Therefore,
we can only hypothesise about these potential underlying processes. During
constructive learning, such as Self-Explanation (SE), students are instructed
to individually generate self-explanations on conceptual problems. This type of
learning is suggested to stimulate one’s knowledge organization and integration,
which in turn is assumed to increase comprehension of the learning material since
misconceptions may become more evident (Chi & Bassok, 1989). The SE effect
has been demonstrated in various experimental designs, including assessments
that range from memory tasks to clinical reasoning performance (Chamberland &
Mamede, 2015; Dunlosky et al., 2013). Perhaps interactive learning is anticipated
to be more effective than constructive learning because learners are provided with
an opportunity to compare and contrast their knowledge with others, thereby
establishing a more robust representation of the learned concept. Additionally,
learners can build on each other’s line of reasoning, a process which Chi refers
to as co-construction. Note that interactive learning is thus also constructive in
nature, but additionally allows individuals to expand upon their peers’ thoughts
and ideas. Knowing if and how an interactive strategy such as PI gains higher
performance levels compared with individual constructive learning methods
could help us optimise teaching and learning in medical physiology education.

The main objective (research question #1) of this study is to investigate the
efficacy of interactive PI learning on comprehension of physiological concepts
compared with individual constructive SE. Based on Chi’s conceptual framework
and a previous study from Lasry and colleagues (2016) who show superiority of PI
over individual reflection in physics education, we expect that PI will outperform
SE. A second objective (research question #2) is to explore the specific influence of
dyad composition in the PI groups to get a better grip on the working mechanisms
of interactive learning. We hypothesise that correct individuals will generally
have a positive influence on their peer. Additionally, dyads that consist of students
who both have incorrect answers may still increase their comphrension due to
the opportunity of comparing and contrasting their thoughts and ideas, leading

94



PEER INSTRUCTION IMPROVES COMPREHENSION AND TRANSFER

to potential co-construction of knowledge. Such co-construction may also lead to
enhanced transfer of knowledge. Transfer has shown to be a substantial challenge
for students (Kulasegaram et al., 2012, Kulasegaram et al., 2015), but the ability
to apply knowledge to novel contexts is essential for developing useful clinical
reasoning skills (Woods, 2007). However, the effect of PI and SE on transfer
performance in medical physiology has not been addressed in previous research.
Our third objective (research question #3) is therefore to study the effect of PI
and SE on transfer performance as this provides insight in the extent to which
constructive and interactive methods can promote learning. Based on the idea of
co-construction, we hypothesise that if these learning strategies would promote
comprehension, then transfer of knowledge may enhance accordingly. In all,
findings on the relative efficacy of PI, its working mechanisms, and its influence
on transfer will add valuable information to the active-constructive-interactive
framework. Moreover, outcomes may enable researchers and educators to
optimise instructional designs for concept learning in medical education.

Methods

Participants and setting

This study was conducted in a cohort of first-year medical students (N = 321) at the
Leiden University Medical Center (LUMC). The study protocol was implemented
in a compulsory, 8-weeks course on integrative cardiovascular, respiratory
and kidney physiology. The protocol was executed in two different mandatory
supervised seminars (24 groups, 12—-14 students/group). Allocation to the groups
was arbitrarily except for the aim to have a similar female/male ratio in all groups.

Although the seminars were mandatory, enrolment in the study was on a
voluntary basis as students autonomously decided if their answers could be used
for research purposes by signing the informed consent form. Students were
informed that data analyses would be performed anonymously and that they
could withdraw their consent at any given time. Moreover, they were ensured
that the results would not affect their course grades. Students did not receive
any additional credit for their participation. The study protocol was reviewed and
approved by the LUMC institutional scientific committee on educational research.

Study design

The study protocol was conducted in two different seminars spaced two weeks
apart, the study flow chart is shown in Figure 1. Each seminar group was allocated
to a specific intervention. In the PI groups, students were coupled with a peer to
form dyads. Students were instructed to discuss their answers on the specified
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concept with their peer. The formation of dyads was randomised using a pseudo-
random number generator and investigators were blinded to the allocation. In
the SE condition, students were instructed to reflect critically on their answers
in silence using the summary sheet to generate explanations and optionally write
down their thoughts.

At the start of the seminar, students received a sheet summarising two
physiological concepts, i.e. resistance (concept A) and compliance (concept B), that
were discussed in previous plenary lectures (Supplementary H). After reviewing
the information, students individually answered a set of four multiple-choice (MC)
recall questions, i.e. recall test, consisting of two concept A and two concept B
questions. Performance on these questions was used to compute an individual
baseline score. Then, students had to individually answer four MC questions, two
related to concept A and two to concept B, i.e. pre-test. After the pre-test, they were
assigned to an intervention (PI or SE) which focused on only one of the two concepts
followed by the same MC questions that students had to re-answer individually,
i.e. post-test. By applying the intervention to only one of two concepts, an internal
control for each participant was established. Subsequently, two near transfer and
two far transfer questions on both concepts were performed by all students. In
this study design, transfer questions are classified as congruent or incongruent to

TRANSFER TRANSFER
RECALL PRE-TEST  INTERVENTION POST-TEST (CONGRUENT) (INCONGRUENT)
NEAR FAR NEAR FAR
4 min 4 min 4 min 3 min 2 min 4 min 4 min 4 min 4 min

6 groups
12 groups 12 groups 12 groups
B B > B B
6 groups @
B

6 groups

Figure 1 | Flowchart of interventions and general study design. This schematic depicts all
four protocol trajectories, including six seminar groups per experimental condition (SE,,
PI,, SE,, PI,). All groups received the same recall test consisting of two concept A (grey)
and two concept B (white) questions. Subsequent pre-post and transfer exercises consisted
of two consecutive questions each. The order of exercises in the pre-post-test design and
transfer phase depends on the applied intervention. Time limits for each exercise are
indicated. The same schematic was also followed in the second seminar with different
exercises.

12 groups 12 groups

> B
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the intervention depending on one’s learning intervention trajectory during the
experiment. For example, a near transfer question on concept A was classified as
congruent for all individuals that received PI or SE on concept A and incongruent
for those receiving PI or SE on concept B. Finally, the seminar continued with a
class-wide, teacher-supervised discussion and explanation of all 16 questions.

Materials

Questions were framed in accordance with the revised version of Bloom’s taxonomy
of the cognitive domain; recall and comprehension questions for baseline testing,
and application questions for comprehension and transfer testing (Anderson et
al., 2001). Transfer questions involved similar contexts, i.e. near transfer, and
novel contexts that had not been addressed during the lecture or seminar, i.e. far
transfer (Barnett & Ceci, 2002). The information sheet and questions used in the
protocol were designed by an expert physiologist (PS). All questions used in this
study were derived from a database containing previous exam questions.

Outcome measures and statistics

IBM SPSS Statistics Version 23.0 (IBM Corp., Armonk, New York, USA) and
GraphPad Prism Version 7.02 (GraphPad Software, La Jolla, California, USA) were
used for all data analyses and visualizations. Descriptive statistics are provided as
means and standard errors of the mean, unless otherwise mentioned.

Baseline knowledge

A recall test was used to compute baseline knowledge. Comparison of the
average recall scores, with a maximum score of 4 points, in the total of 24 groups
would reveal possible differences in baseline knowledge prior to intervention.
Similar baseline knowledge between groups ensures that intervention effects on
comprehension and transfer are not due to differences in baseline performance
prior to intervention. A one-way ANOVA was conducted including SE,, SE, PI,,
and PI, as experimental groups to test baseline differences.

Comprehension

A comparison of post-test scores between PI and SE groups provides an indication
of the relative effect of each intervention on students’ comprehension. We applied
an ANCOVA to determine the effect of PI and SE intervention on the post-scores,
correcting for students’ pre-test scores.
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Peer influence

The specific influences of peers on comprehension in the PI group were assessed
by two analyses. Firstly, we examined the probability of staying or turning
correct after discussion with either an incorrect or correct peer. Outcomes
were compared to SE to measure the relative effect. Secondly, we examined the
change in different dyad compositions, i.e. both correct (C—C), one correct (I-C),
both same answer incorrect (I-I) or both different answer incorrect (I-I*). Dyad
compositions before and after Pl intervention were analysed to determine the effect
of peer—peer interaction on post-test performance. Computing the prevalence of
these dyad compositions before and after PI intervention indicated the influence
of an incorrect or correct peer on post-test performance of a participant. A Chi
square test of independence was performed to determine differences in dyad
composition before and after PI intervention. Continuity correction was applied
for 2 x 2 contingency tables.

Transfer

Transfer was assessed by measuring students’ performance on near and far
transfer questions. All students received questions on two concepts, i.e. concept
A and B, but the intervention (PI or SE) was applied to only one of these concepts.
The comparative effect of PI and SE on transfer was assessed by measuring
the difference in performance scores between both interventions on congruent
questions. Additionally, the absolute effect of each intervention was computed by
comparing students’ performance on congruent and incongruent questions. A
generalised estimating equations (GEE) approach was used to analyze performance
on transfer exercises corrected for multiple comparisons and repeated measures.
In this model, scores on near and far transfer questions were predicted based
on the intervention (SE-PI), type of transfer (near-far) and protocol trajectory
(congruent-incongruent).

Results
A total of 321 first-year medical students from Leiden University Medical Center
were enrolled in the medical physiology course, of whom 317 students consented

to participate in the study (98.7%).

Comprehension

Results on the recall test prior to intervention showed similar performance
outcomes between the four experimental groups (SE, (n = 83), SE; (n = 82), PI,
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(n="78), PI, (n = 74)) with an overall average score of 2.37 = 0.06 out of 4 points.
Analysis of variance indicated no significant between-group differences (F(3, 313)
=0.751, p =.522).

Total scores (max. 2 points) for the pre-test and post-test were computed
for each student, data of the two seminars were combined to compute average
scores (Figure 2). The pre-test scores were similar in the PI and SE groups (PI:
0.77 £0.04 vs. SE: 0.70 £ 0.04, t(620) = 1.295, p = .196) and increased on the
post-test (PI: 1.04 + 0.05 vs. SE: 0.86 = 0.04, both p < .001). In the PI group
the average score increased by 0.27 (CIL: 0.20-0.35) and in the SE group by 0.16
(CI: 0.09-0.23), indicating a greater improvement of scores in the PI group (¥(1,
619) = 7.671, p = .006; n * = .012). The performance gain in PI groups was shown
for all questions (Supplementary I). Additionally, a control analysis showed
that the outperformance of PI versus SE resulted from both more incorrect-to-
correct changes and fewer correct-to-incorrect switches by individual students
(Supplementary J).

Peer influence

The efficacy of PI presumably depends on whether you are coupled with a peer
who was initially either correct or incorrect (Figure 3). A students’ initial correct
answer stayed correct more often when coupled with an incorrect peer (95%)

Pre-post test scores

2.0+
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—
Il post
1.5+ Forok P
stk
8
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@ — — —
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Figure 2 | Effects of PI and SE intervention on pre-post scores. An increase of 0.27 (CI:
0.20-0.35) was found for PI, compared to an increase of 0.16 (CI: 0.09-0.23) in SE. The
pre-post difference in scores was thus more pronounced in the PI group (F(1,619) = 7.671,
**p = .006). Scores in the PI group (0.77+0.04 to 1.04+0.05) and SE group (0.70£0.04 to
0.86+0.04) improved significantly after intervention (both ***p <.001).
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versus coupled with an correct peer (86%). In both cases, the chance of staying
correct was higher than with SE (81%). A student with an initial incorrect answer
turned to a correct answer more often when coupled with a correct peer (63%)
versus when coupled with an incorrect peer (19%). With SE, 22% of initially
incorrect answers were followed by a correct answer on the post-test.

Additionally, we investigated the dyad compositions to examine the influence of
peer—peer interaction on post-test performance in more detail (Figure 4). There
was a difference in dyad answer composition pre-intervention compared to post-
intervention (X2(9) = 145.799, p < .001; ¢ = .714). Post-intervention there were
more C—C dyads (pre: 23% to post: 47%, t(285) = 8.776, p <.001). This was due to
57% of initial I-C dyads, 14% of initial I-I dyads and 18% of initial I-I* dyads that
became C—-C dyads after peer discussion. Also, 12% of I-I dyads and 10% of I-I*
dyads became half correct, i.e. I-C, on the post-test. Furthermore, there were 6%
of initial C-C dyads that changed to I-C dyads, and 12% and 8% of I-C dyads that
changed to I-I or I-I* respectively.

PI SE
All questions All queﬁsgtéigons\
/ n=576 \ / n=
— 39% 61% 35% 65%
correct incorrect correct incorrect
n=222 n=2354 n=223 n=415
post O\ O\ g \0 o/ S 9
89% 11% 30% 70% 81% _19% 22% - 78%
correct incorrect  correct incorrect  correct incorrect correct incorrect
pre correct pre incorrect

5 n =149 n=292

o \ / \
post ¢ g

& ;‘L: 86% 14% 63% 37%

S correct incorrect  correct incorrect

‘g n=73 n=262

o,
post & g / \ / \

= £ 9% 5% 19% 81%
¢ correct incorrect  correct incorrect

Figure 3 | Student responses on the pre-post-test. The first two rows represent the
percentage correct and incorrect answers prior to intervention (pre) and after intervention
(post) respectively for PI (left) and SE (right). The quadrant below visualises the answer
changes for the PI intervention split into cases when the peer was correct and when
the peer was incorrect on the pre-answer. Incorrect pre-answers changed to a correct
post-answer most frequently after PI with a correct peer (63%) compared with PI with
an incorrect peer (19%) and with SE (22%). Correct answers that were discussed with an
incorrect peer stayed correct more often (95%) than after discussion with a correct peer
(86%) and after SE (81%).
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Figure 4 | Dyad compositions in the PI group before and after intervention. Pie charts show
the distribution of dyad compositions pre and post intervention, with an increase of 23% to
47% correct dyads (C-C) after PI (p <.001). A majority of disagreeing correct (I-C) dyads
pre intervention changes to correct dyads (57%, p < .001) and 19 I-C dyads changed to an
incorrect dyad (21%, p < .001). Notably, 15 I-I (26%) and 20 I-I* (28%) dyads changed to
either a I-C or C-C dyad after peer discussion.

Transfer

Students scored significantly higher on near transfer questions as opposed to far
transfer questions (Table 1; p <.001) On both near transfer (PI: 0.95 + 0.04; SE:
0.89 + 0.04) and far transfer (PI: 0.80 + 0.04; SE: 0.82 + 0.04) tests, no significant
differences in scores were found between the groups (B = 0.004, SD = 0.035, p
=.904). Overall, students performed significantly better on congruent questions
versus incongruent questions (p = .006). For near transfer, the difference
between scores on congruent and incongruent questions, i.e. intervention versus
no intervention, was 0.112 + 0.05 for PI and 0.034 * 0.05 for SE. For far transfer,
the difference was 0.040 + 0.05 for PI and 0.085 + 0.04 for SE.

Discussion
With this study we aimed to investigate the relative influence of interactive
learning compared with individual constructive learning on the comprehension

and transfer of physiological concepts in medical education. We found that
interactive Peer Instruction (PI) and constructive Self-Explanation (SE) both
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Table 1 | Predictors of transfer performances.

Parameter B SD 95% CI

Threshold 0.353 0.035 0.000;0.284
Type of transfer -0.101™ 0.026 -0.151;-0.051
Intervention 0.004 0.035 -0.065;0.073
Protocol trajectory 0.069” 0.025 0.020;0.117
Type of transfer * Intervention -0.010 0.026 -0.060;0.041
Intervention * Protocol trajectory 0.006 0.025 -0.043;0.055
Type of transfer * Protocol trajectory -0.008 0.024 -0.056;0.040

**p <.01, ***p <.0001. Dependent Variable: Answer, incorrect (0) or correct (1). Covariates:
Type of transfer, near (-1) or far (1); Intervention, SE (-1) or PI (1); Protocol trajectory,
incongruent (-1) or congruent (1).

enhanced students’ comprehension. The beneficial effects were more pronounced
in the PI group, indicated by higher scores on the post-test and higher scores
on near transfer questions. On transfer tests, interactive learning also showed
enhanced performance versus the control condition, but in this respect no
significant difference was found between PI and SE.

Comprehension

This study has shown that the implementation of interactive PI in a medical
physiology course significantly improved students’ performance on conceptual
physiology exercises. A head-to-head comparison of PI with SE demonstrated
increased comprehension of students after PI (Figure 2). In addition, analysis of
answer changes before and after intervention showed that PI resulted in more
incorrect-to-correct switches and less correct-to-incorrect switches, yielding an
overall beneficial outcome (Figure 4, Supplementary J). Results are in accordance
with a previous study of Miller et al., who showed that the majority of answer
changes due to PI is from incorrect-to-correct (Miller et al., 2015).
Theuseofactivelearning strategies hasrepeatedlyillustrated tofacilitate student
performance and conceptual understanding in science education (Chamberland &
Mamede, 2015; Freeman et al., 2014; Prince, 2004). According to the theoretical
framework established by Chi et al. (2009), active learning can be subdivided into
three categories, i.e. interactive, constructive and active learning (Chi, 2009a;
Chi & Wylie, 2014). Chi’s active learning hypothesis has already received support
from experimental studies in science education (Menekse et al., 2013), and is
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reinforced by our findings suggesting that co-construction of knowledge through
PI enhances comprehension more than individual constructive SE.

Peer influence

Asthe effect of PI on post-test performance presumably depends on the type of peer,
i.e. correct or incorrect, answer changes on the pre-post-test were investigated
from the peer-perspective. According to our results, a student who was initially
correct benefitted more from discussion with an incorrect peer compared with
a correct peer (Figure 3) and in both cases the results were better, i.e. fewer
correct-to-incorrect switches, than after SE. In case a student was initially
incorrect, PI with a correct peer lead to significantly more incorrect-to-correct
switches than SE, and PI with an incorrect peer showed similar effects as SE. These
outcomes imply that an interactive learning strategy such as PI can be preferred
over constructive strategies, since even discussion with an incorrect peer yields
similar or increased performance in direct comparison with SE. In agreement
with Chi’s hypothesis of co-construction, we suggest that an interaction between
a correct and an incorrect student might yield more contrasting thoughts or ideas
which drives a fruitful discussion and stimulates deeper understanding. This line
of reasoning can be complemented by conceptual change research, advocating
that awareness of potential misconceptions leads to increased comprehension
(Piaget, 1978; Posner et al., 1982).

The influence of peer-peer interaction on comprehension was also investigated
on the dyad level (Figure 4). A vast majority of dyads who were initially correct
stayed correct after peer discussion and half correct dyads were able to convince
their incorrect peer in most cases. Moreover, initially correct dyads never became
an incorrect dyad after intervention, illustrating that students were positively
influenced by their correct peer, rather than negatively influenced by their
incorrect peer. Mazur supports this statement as he concluded in earlier studies
that it is easier to change the mind of an individual who has an incorrect answer
than it is to change the mind of an individual who initially chose the correct answer
for the right reasons (Mazur, 1997).

Interestingly, a substantial number of dyads in which both peers initially had
an incorrect response were still able to both provide the correct answer to the
question after PI (Figure 4). We demonstrated a positive effect of peer-peer
interaction on performance outcomes that was also present in dyads of which
both students initially had an incorrect answer. When students had a different
incorrect answer compared with their peer, their chances of providing the correct
answer was slightly higher compared to students and their peers who had the
same incorrect answer. These results complement previous research by Smith
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et al., who illustrated improved conceptual understanding after PI in a genetics
course independent of students’ answers in the discussion group (Smith et al.,
2009). In their study, a large percentage of students reported that even incorrect
students could learn from each other’s reasoning as an individual could figure
out the answer by talking through the question with another peer that does not
know the answer either. Furthermore, a discussion with two incorrect individuals
would stimulate comprehension as all options are explored and the ones that
cannot be correct are eliminated. One could assume that such discussions are
more explorative when students have different incorrect answers which might
explain the more pronounced positive effect of peer discussion in disagreeing
incorrect dyads compared with dyads consisting of two students with the same
incorrect answer.

Transfer

We included near and far transfer questions in this study to explore the effects
of overt learning interventions on transfer of conceptual knowledge. Students’
performance on near and far transfer assignments did not differ significantly
between PI and SE intervention (Table 1). However, in all conditions there
was a better performance on transfer questions congruent to an interactive or
constructive learning trajectory compared to conceptual questions on which
students did not receive any intervention. This finding is in line with earlier
studies reporting a positive influence of overt learning on transferring conceptual
knowledge and with other studies investigating transfer in science education
(Cortright et al., 2005; Kulasegaram et al., 2017; Smith et al., 2009).

Although the effects did not reach significance, the SE groups tended to perform
best on the far transfer test. SE has shown to have a beneficial influence on transfer
performance in previous studies (Dunlosky et al., 2013). Interestingly, the effect
increases when the tasks become more complex (Chi et al., 1994b; Wong et al.,
2002). Possible explanations for this observation can be derived from schema
formation theory, stating that SE may enhance the connectedness of inter- and
intra-schema components, thereby stimulating comprehension (Mayer, 1975).

One could argue that the higher scores on the post-test after PI versus SE
result from the mere fact that two individuals might simply know more than one.
However, our findings on the near transfer test suggest that, on average, students
have gained better comprehension with PI since there is a tendency towards
increased performance after peer discussion. Moreover, if only the ‘two-heads-
are-better-than-one’ effect would cause the score increases on the post-questions,
one would expect that the positive influence of PI would be less pronounced for
difficult questions since fewer students can be matched with a correct peer.
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However, this argument is not supported by our analyses as PI shows a beneficial
effect for all questions (Supplementary I). Thus, other mechanisms seem to
contribute to the potential of PI to enhance comprehension. In addition to the
co-construction hypothesis, incorrect students may gain insight in their reasoning
flaw while explaining their answer to their peer, and for correct students PI may
act upon the ‘teaching is learning’ rationale.

Limitations

This study has concentrated on developing a controlled design for testing the
effects of learning strategies on comprehension and transfer in a classroom
setting. Due to practical considerations regarding feasibility, a limited number
of questions per seminar (16 in total) were included in the protocol. In order
to generalise the efficacy of active learning in medical physiology education,
more concepts should be examined in a variety of near and far transfer settings.
Another consequence of the chosen study design is the careful interpretation of
the practical relevance of significant outcomes. An increase in test scores of 0.27
(13.5%) after PI intervention may seem minor, but is considered robust due to the
large sample size and the various control conditions that were implemented in the
protocol. Also, the benefits of peer discussion may become more compelling in
an open question setting and by increasing the number of included questions and
concepts. Lastly, although the supervising teachers were briefed and instructed to
maintain exam conditions and followed a written protocol, a full guarantee that all
students worked individually on the questions when they were instructed to do so
cannot be given. Moreover, we cannot guarantee that each student in the PI group
used the scheduled time between pre-post testing to actively discuss with their
peers nor do we know if all students in the SE groups were actually generating
explanations for their answers.

Summary and future directions

To our knowledge this study is the first to demonstrate the efficacy of PI on
student performance on physiological concept questions compared with an
individual constructive learning activity in medical students. Other studies have
shown the additional value of PI in the classroom, but often did not address its
relative effect (Cortright et al., 2005; Giuliodori et al., 2006; Rao & DiCarlo, 2000;
Smith et al., 2009; Vickrey et al., 2015; Zhang & Henderson, 2016). Moreover,
PI protocols are usually restricted to analysis on a group level, not confirming if
the reported effects are indeed due to an increase of performance in the majority
of participants (Cortright et al., 2005; Lasry et al., 2016; Rao & DiCarlo, 2000;
Zhang & Henderson, 2016). By performing analyses on various levels we showed
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the more specific influences of PI on performance outcomes. The conclusion that
even incorrect groups can achieve a correct answer after PI is in accordance with
current literature (Relling & Giuliodori, 2015; Smith et al., 2009). Furthermore,
research on this topic generally does not report on students’ prior knowledge on
the concepts of interest. By including a baseline knowledge test, we controlled
for the influence of students prior knowledge on performance outcomes. Lastly,
by assessment of students’ performance on near and far transfer questions we
investigated if the effect of overt learning interventions was transferable to novel
assignments.

Future research on the efficacy of PI in medical education may include the use
of open questions to gain insight in the influence of discussion on causal reasoning
processes. Studies may also consider the use of between and within subject control
conditions as presented in this research. Extended study protocols, including more
questions, concepts and follow-up tests will provide a more accurate indication
of the long-term efficacy of PI on comprehension. Also, a qualitative approach
would provide additional insight in the personal thinking and reasoning processes
of students and the valuable aspects of peer discussion (Brooks & Koretsky,
2011; James & Willoughby, 2011; Nielsen et al., 2016; Wood et al., 2014). From
a theoretical point of view, we propose to consider the use of other theories, such
as schema formation, to further uncover the working mechanisms of interactive
learning strategies. Lastly, we believe that the absolute performance of students
on medical physiology exercises needs further investigation. In our experiment,
observations of the absolute scores indicate that a large percentage of students
is incapable of achieving full conceptual understanding. Therefore, uncovering
best practices or refinement of existing methods for learning and understanding
medical physiological concepts should be studied in future work.

Conclusion

This study demonstrates the effect of active learning strategies on understanding
and transfer of physiological concepts in the medical curriculum. In particular,
interactive learning activities such as PI show their value for designing effective
teaching methods in medical physiology education. Future research may elaborate
on the working mechanisms of interactive learning activities in gaining conceptual
understanding. Moreover, additional research may uncover the value of these
learning strategies for transfer of conceptual knowledge to the clinical practice.
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CHAPTER 7

Abstract

Students learn more effectively when they know what they do not know. Gaining
insight into students’ metacognitive awareness is needed as misalignment
between actual and self-perceived knowledge impedes their learning process.
The optimal method of measuring self-perceived knowledge is still under debate.
In this study, we evaluate the use of psychology-derived post-decision wagering
for mapping students self-perceived knowledge. Students (N = 71) performed a
pre-test on medical physiology, followed by a teacher-moderated discussion and a
post-test with isomorph questions. Half of the students rated their self-perceived
knowledge on each question using post-decision wagering, i.e. betting 1-5 points
on the correctness of their answer, whereas the other half used a 5-point Likert
scale to rate their confidence. Self-perceived knowledge scores were higher for
post-decision wagering (pre: 3.75+0.14, post: 4.60+0.07) compared with Likert
scales (pre: 3.13+0.08, post: 3.92+0.08) despite similar actual knowledge scores.
Furthermore, Likert ratings showed a near-normal distribution, whereas wagers
were placed preferentially using the outer ends of the scale. Correlations between
mean actual and self-perceived knowledge scores were low in both groups. On
average, 8.5% of responses were classified as misconceptions, defined as highly
confident incorrect answers. Despite the presumed reliability of post-decision
wagering, our findings suggest that we should adhere to the use of Likert scales as
a balanced measure for self-perceived knowledge in medical education. Moreover,
the prevalence of misconceptions did not alter after instruction, indicating a need
for instructional designs that enhance students’ conceptual understanding in basic
sciences.
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Introduction

Learning basic sciences in medicine is recognised as an important, but challenging
undertaking. It requires students to achieve understanding of complex learning
material by analyzing, conceptualising, and integrating knowledge. Strikingly,
students are often unaware of what they do and do not know, which can be
detrimental to learning (Kruger & Dunning, 1999; Ziegler & Montplaisir, 2014).
We cannot expect students to perform as effective learners if they are unaware of
their own knowledge deficiencies.

Being aware of knowledge deficienciesis considered part of one’s metacognition.
Metacognition, put simply, refers to thinking about one’s own thinking (Flavell,
1979). The ability to evaluate one’s knowledge, i.e. self-perceived knowledge,
after performing a task or test, i.e. actual knowledge, is a subcomponent of
metacognition, which we refer to as metacognitive evaluation: knowing how well
you did after finishing a task (Pintrich, 2002; Zohar & Barzilai, 2013). Metacognitive
evaluation is considered a critical component for learning as it informs both
students and educators on students’ potential knowledge deficiencies (Cavers &
Ling, 2016; Sparck et al., 2016). Moreover, some researchers have showed that
including metacognitive evaluation through confidence marking during multiple-
choice practice tests increases the predictive value of testing (Bokhorst, 1986;
Hopkins et al., 1973; Swartz, 2006).

However, studies assessing metacognitive evaluation in medical education
mainly focus on clinical knowledge, while the domain of basic sciences remains
largely unexplored (Brinkman et al., 2015; Brydges & Butler, 2012; Curtis et al.,
2013; Kampmeyer et al., 2015; Lai & Teng, 2011; Rangel et al., 2017; Sandars,
2009). Particularly within this latter domain, misunderstandings of physiological
scientific concepts should be detected and corrected, since these concepts form a
foundation for accurate clinical reasoning (Tanner & Allen, 2005; Woods, 2007).
Regarding basic science knowledge, Dawson et al. (1990) illustrate that according
to faculty teachers, physiological topics are experienced by medical students as
being among the most difficult. This finding is supported by research that has shown
a high prevalence of misunderstandings among students in medical physiology
education (Badenhorst et al., 2016; Michael, 2007; Michael et al., 2002; Versteeg et
al., 2019). According to conceptual change theory, these so-called misconceptions
are different from a mere lack of knowledge; misconceptions are robust to change
and are therefore difficult to alleviate by traditional teaching methods (Posner
et al., 1982). Misconceptions are generally indicated by incorrect answers that
are given by students with high confidence, indicating that students are unaware
of their incorrect knowledge (Hasan et al., 1999). The role of awareness in
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establishing conceptual understanding illustrates that conceptual change theory
and metacognitive theory are strongly intertwined in practice. Recognising and
evaluating existing conceptions, and deciding whether to reconstruct or review
one’s understanding are all metacognitive processes (Gunstone & Mitchell, 2005).
Conceptual change theory emphasises the key role of awareness in accomplishing
the shift from a misconception to the scientifically correct conception (Lin &
Zabrucky, 1998; Posner et al., 1982; Schraw & Dennison, 1994; Tippett, 2010).
Awareness can be created by explicitly assessing students’ metacognitive
evaluation in the classroom, as it forces both learners and educators to think about
their understanding of the subject matter.

Research on science learning in higher education nicely illustrates how
metacognitive evaluation can be measured in classroom settings using a multi-tier
approach (Caleon & Subramaniam, 2010a, 2010b; Sreenivalusu & Subramaniam,
2014; Yan & Subramaniam, 2018). Multi-tier assessments consist of multiple-
choice exercises with a complementary Likert scale question: ‘How confident
are you that your answer to this question is correct?’. This is an example of
measuring metacognitive evaluation; assessing students’ actual knowledge
through test scores and their self-perceived knowledge through Likert scales.
The use of Likert scales as a self-report tool for self-perceived knowledge is very
common in educational research, with variations in scales ranging from 3 to an
increasing number of integers (Brandriet & Bretz, 2014; Brinkman et al., 2015;
Caleon & Subramaniam, 2010a; Curtis et al., 2013; Kampmeyer et al., 2015; Lai
& Teng, 2011; Rangel et al., 2017; Sreenivalusu & Subramaniam, 2014; Yan &
Subramaniam, 2018). However, there is some controversy on the objectiveness
of Likert scales for measuring self-perceived knowledge. As noted in a review by
Koch and Preuschoff (2007): ‘Studying consciousness is difficult because asking
subjects to report their awareness of a stimulus perturbs that awareness’. In
psychology research, an alternative method to more implicitly measure awareness
of visual stimuli was introduced, called post-decision wagering (PDW) (Persaud
et al., 2007). This method is suggested to determine awareness more objectively
by indirectly assessing individuals’ self-perceived knowledge by betting points
(or money) on their decisions. If an individual chooses the correct answer
points are gained, whereas with a bet on an incorrect answer points are lost.
Additionally, researchers suggest that PDW enhances individuals’ motivation to
reveal their confidence in their answer compared with self-reports on numerical
confidence scales (Dienes & Scott, 2005; Wierzchon et al., 2006). Contrastingly,
various studies show a substantial influence of loss aversion in PDW resulting in
a decreased accuracy towards measuring self-perceived knowledge. Therefore,
participants are less prone to indicate a high confidence level through wagering
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(Dienes & Seth, 2010; Sandberg et al., 2010). Moreover, wagers are also suggested
to depend on wager size indicating that PDW is still a subjective tool to measure
awareness (Fleming & Dolan, 2010).

The use of PDW as a tool to measure self-perceived knowledge has not yet
been reported in medical education. In this study, our primary objective was to
evaluate psychology-derived PDW as a measure of self-perceived knowledge in
educational contexts. We compared PDW with Likert scales and hypothesised that
confidence wagers rather than ratings would be more aligned with students’ actual
knowledge due to their supposed more objective nature. To further determine the
practical usefulness of the instruments in quantitating self-perceived knowledge,
we examined the distribution of responses along the scales to compare effective
resolution and discriminative power. As a secondary objective, we investigated the
prevalence of misconceptions among students to gain insight into their conceptual
understanding of the subject matter. In the present study, we focused on basic
sciences particularly given the high prevalence of misconceptions (Badenhorst
et al., 2016; Dawson-Saunders et al., 1990; Michael, 2007; Michael et al., 2002;
Palizvan et al., 2013; Versteeg et al., 2019). Misconceptions may not only affect
students’ conceptual understanding, but also have significant impact on their
clinical reasoning skills (Michael, 2007; Lisk et al., 2016; Goldszmidt et al., 2012),
and are therefore considered an important subject of investigation in medical
education.

Methods

Participants

A cohort of first-year bachelor Biomedical Sciences students (N = 71) from
Leiden University Medical Center participated in this study. In the Netherlands,
similar physiology courses are part of both the biomedical and medical bachelor
curriculum.

Setting

For this study, the online platform Socrative was used to develop multiple-choice
knowledge tests. The knowledge tests were implemented in a compulsory 2-hour
supervised seminar on cardiovascular physiology that was taught in five small
working groups (13-15 students/group) by the same teacher. Allocation of
the students to the working groups was arbitrary except for the aim to have a
similar female/male ratio in all groups. The topics were introduced in a preceding
plenary lecture, and students were provided with a handout during the seminar
which contained some basic figures and diagrams. Although the knowledge tests
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were a mandatory part of the seminar, students could voluntarily decide if their
anonymous answers could be used for educational research purposes by giving
informed consent. No incentives were offered for participation and test results
did not affect the course grade. Students could withdraw their permission at any
time. This experiment was part of a larger study also investigating the influence of
peer discussion on confidence of which data are not reported in this paper. This
study was approved by the Educational Research Review Board (ERRB) of Leiden
University Medical Center: ERRB reference number: OEC/ERRB/20180612/3.

Procedure

The knowledge tests were taken individually under exam conditions, at the
beginning (pre) and at the end (post) of the seminar. Both tests consisted of 10
multiple-choice questions and examined the same knowledge base. The post-
test used slightly different phrasing of the questions which can be considered
isomorphic or so-called near-transfer questions. All students were instructed to
answer each question individually and to provide a confidence rating (Likert scale:
3 out of 5 groups, n = 42) or wager (PDW: 2 out of 5 groups, n = 29) immediately
after each question. To compute the actual knowledge, students received one point
for every correct answer of the multiple-choice tests yielding a maximum score of
10 points per test. During the body of the actual seminar the questions from the
pre-test and related topics were explained and discussed.

Questions were framed according to the revised version of Bloom’s taxonomy
of cognitive domain and all categorised as comprehension-type questions. To
ensure validity of the knowledge test, the physiology questions were designed by
an expert physiologist (PS) and derived from a database of previously used exam
questions. PS is an educational professor at Leiden University Medical Center and
actively involved in shaping the biomedical and medical curriculum regarding
medical physiology education, and familiar with the learning goals of the human
biology course. Consequently, the questions were designed in such a way that they
would meet the overall course objectives regarding physiological knowledge.

Instruments

For confidence rating in the Likert scale group (LS group), students used a
5-point Likert scale rating instrument: (1) Completely unsure (just guessing), (2)
Rather unsure, (3) Neutral (50/50), (4) Rather sure, (5) Very sure (almost 100%).
Students received additional instruction on the neutral item (3) as the lecturer
indicated that this rating should be given when a student doubted between two
remaining answer choices considered equally likely. In the PDW group, students
were instructed to place their bets on the correct answer. In order to compare
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results with the LS group, wagers ranged from 1 to 5 points. Students could bet
1-5 points per question, which were gained if the answer was correct and lost if
the answer was incorrect. Students received their total wagering scores after the
seminar.

Data analyses

Descriptive statistics are provided as means and standard errors of the mean,
unless otherwise mentioned. Actual and self-perceived knowledge scores in PDW
and LS groups were compared using independent samples t-tests. Comparison of
score gains on the pre-post-test between groups was performed with a repeated
measures ANOVA. To test and compare alignment between actual knowledge
and self-perceived knowledge scores, correlation analysis was performed using
Spearman’s rank order correlation coefficient. Scores were averaged per student.
A Fisher’s r-to-z transformation was performed to test for potential significant
differences between correlations. The discriminative power of both methods was
tested by performing Chi-square tests of independence. Hasan’s decision matrix
was used as a template to analyze the prevalence of misconceptions (Figure 1;
Hasan et al., 1999). To create dichotomous outcomes, a threshold value of 3 was
adopted and used as a cut-off point. Students were instructed to rate an answer
with 3 when they were in doubt between two answer choices considered equally
likely, meaning that they were still unsure about knowing the correct answer, i.e.
having low confidence. Correct answers self-rated with a high confidence (>3)
were classified as ‘correct knowledge’ and when rated with low confidence (< 3)
as ‘lucky guess’. Incorrect answers with a low confidence rating were considered
‘lack of knowledge’ and when paired with high confidence, the response indicated
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Figure 1 | A decision matrix based on students’ actual and self-perceived knowledge.
Adapted from Hasan et al., 1991.
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the presence of a misconception. IBM SPSS Statistics Version 23.0 (IBM Corp.,
Armonk, New York, USA) and GraphPad Prism Version 7.02 (GraphPad Software,
La Jolla, California, USA) were used for all data analyses and visualizations.

Results

The average confidence scores reported in the PDW group on the pre-test and
post-test were significantly higher compared with the scores in the LS group (both
p <.001) (Table 1). The gain in confidence scores in the PDW group (0.86 = 0.12)
was significantly higher than in the LS group (0.79 + 0.12) (p < .001, n* = .349).
The average test scores did not differ significantly between PDW and Likert scale
on the pre-test (p = .338) and post-test (p = .065). In the PDW group, students
showed an average increase of 1.55 + 0.30 points in their pre- to post-test scores,
which was not significantly different from the gain of 1.32 + 0.28 points in the LS
group (p =.094).

Alignment

There was a significant correlation between actual and self-perceived knowledge
scores in the LS group on the pretest (R? = .16, p <.01) and post-test (R*= 0.25, p
=.001) (Figure 2). In the PDW group correlations between actual knowledge and
self-perceived knowledge are absent on both tests (pre: R?> = .12, p = .063, post: R?
=.10, p = .102). To test for potential differences between the correlations in the
PDW and LS group for the pre-test and post-test respectively, correlations were
transformed into z-scores using Fisher’s r-to-z transformation. The differences
between correlations on the pre-tests (z = -.23, p = .817) and posttests (z = —.90,
p = .370) were not significant.

Table 1 | Mean scores for students’ actual and self-perceived knowledge.

Actual Self-perceived
Instrument knowledge knowledge
(Score, max 10)  (Score, max 5) No. of students

Pre-test

Likert-scale (LS) 6.38+0.27 3.1340.08 42
Post-decision wagering (PDW) 6.78+0.27 3.75+0.14 29
Post-test

Likert-scale (LS) 7.68+0.27 3.92+0.08 41
Post-decision wagering (PDW) 8.31+0.23 4.60+0.07 29
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Figure 2 | Relationship between actual and self-perceived knowledge of students using
PDW and LS.

Distribution

The distribution of confidence scores (1-5) for the Likert scale and PDW
instruments is shown in Figure 3. Comparing the distribution of 1-5 responses
on the pre-test yielded a significant difference in distribution in self-perceived
knowledge scores between PDW and Likert scale on questions with an incorrect
response (p < .007, ¢ = .240). Of all questions answered incorrectly in the PDW
group, 25.5% of responses were rated with level 5 confidence, compared with
only 6% in the LS group. An even more pronounced difference between the Likert
scale and PDW was found for correctly answered questions, yielding 43.8% level
5 confidence scores in the PDW group versus 16.3% in the LS group (p <.001, ¢ =
.483). Discrepancies in the self-perceived knowledge distribution between Likert
scales and PDW were also obtained for the post-test. The largest effect size was
obtained for incorrect answers on the posttest (p <.001, ¢ =.593) with 53.1% level

pre-test post-test
1007  pumm - 100+ . '
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Figure 3 | Distribution of self-perceived knowledge scores.
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5 responses in the PDW group and 9.7% in the LS group. For correct answers,
89.6% was associated with confidence level 5 in PDW versus 43.6% in the Likert
scale (p <.001, ¢ = .483).

Misconceptions

There was an increase in ‘correct knowledge’ in both groups after the plenary
instruction and discussion (PDW: 50.3 to 79.7%; LS: 34.7 to 61.7%) (Figure 4).
The total number of ‘lucky guesses’ was reduced (PDW: 17.2 to 3.5%; LS: 29.1 to
15.3%) as was the amount of ‘lack of knowledge’ (PDW: 24.1 to 6.6%; LS: 28.6 to
15.3%). The prevalence of misconceptions was similarly present before and after
instruction (PDW: 8.3 to 10.3%; LS: 7.5 to 7.7%).

Discussion

The aim of this study was to evaluate psychology-derived post-decision wagering
(PDW) as a measure of self-perceived knowledge by comparing it with the
commonly used Likert scales. Despite similar levels of actual knowledge in both
groups, students who used wagers indicated more confidence in their answers
compared with students who used ratings. PDW confidence scores were also
less evenly distributed compared with Likert scales and did not show a normal
distribution, resulting in a less proportional use of the instrument. Contrary to
our a priori hypothesis, PDW thus represents a less balanced measure of self-
perceived knowledge than the traditional Likert scale.

Misalignment between actual and self-perceived knowledge was present in
both groups, indicating that students generally do not know what they know or
do not know. Some students using PDW mentioned that they would easily go ‘all
in” and bet all their points even when they were not completely sure, and despite

PDW LS

Actual knowledge Actual knowledge
° Incorrect Correct © Incorrect Correct
QD oD
9 o
L e L e
% 20 pre post pre post % 20 pre post pre post
£ = 8.3% 10.3% 50.3%  79.7% £ = 7.5% 7.7% 34.7% 61.7%
o o
] ]
2 2
S 3 S 3
2 8 pre post pre post £ 8 pre post pre post
&= 241% 6.6% 17.2% 3.5% &= 28.6% 153% | 29.1% 15.3%
g g
%} %}

Figure 4 | Prevalence of misconceptions.
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the rule that points were lost in case of an incorrect answer. Contrary to these
findings, psychological research and behaviour economics report that individuals
who wager generally show lower confidence compared with verbal confidence
reports due to socalled risk aversion (Dienes & Seth, 2010; Fleming & Dolan, 2010).
The apparent absence of risk aversion in our students might be due to the use
of imaginary ‘points’ as incentives. Interestingly, however, studies in laboratory
settings have reported similar responses when using real versus imaginary
incentives (Persaud et al., 2007). We suggest that the educational environment
in which students are socially engaged might influence their response to risk
aversion. The effects of classroom versus laboratory settings on the use of self-
perceived knowledge measures await further investigation.

Our findings are in line with previous studies reporting discrepancies between
students’ actual and self-perceived knowledge consistently across disciplines (Bell
& Volckmann, 2011; Cavers & Ling, 2016; Favazzo et al., 2014; Lai & Teng, 2011;
Lindsey & Nagel, 2015; Potgieter et al., 2010; Versteeg et al., 2019; Ziegler &
Montplaisir, 2014). Kruger and Dunning (1999) have suggested that incompetence
deprives an individual of the ability to recognise its shortcomings. Based on this
reasoning, our reported underestimation of performance is an unexpected finding.
An explanation for this discrepancy may be that metacognitive evaluation of the
specific materials in this study did not resemble the more global self-assessments
mentioned in Kruger and Dunning’s studies. Such global judgements are, for
example, self-competence (‘I feel I am able to ...") and self-efficacy (‘how confident
are you that you can ...). These are prospective judgements and can therefore
be considered part of one’s metacognitive knowledge, whereas metacognitive
evaluation (as measured in the present study) is an on-line judgement which is
made after one has performed a specific task (Zohar & Barzilai, 2013; Pintrich,
2002). Students might be more cautious with estimating their actual scores after
they have performed a task compared with a situation in which a global prospective
judgement is requested. Furthermore, gender differences may have influenced
our outcomes. Research has indicated that women tend to underestimate their
academic capacities, as illustrated by the study by Ravesloot on progress testing
in medical education (Ravesloot et al., 2015). Most of the students (70%) in this
experiment were female, which might partly explain the relatively large percentage
of correct low-confidence responses.

Overall, teacher instruction during the seminar reduced the percentage
of lack of knowledge and lucky guesses and increased the number of correct
responses, whereas the number of misconceptions was not greatly altered. Based
on conceptual change theory and schema theory, we assume that the seminar
discussion may not have benefitted the students with misconceptions, as the
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instructional design to achieve conceptual change should include more explicit
activation of students’ prior knowledge. A learner’s understanding is facilitated
by adding new information to an existing mental model or schema in the brain,
which comprises relevant prior knowledge a learner has already obtained (Alba
& Hasher, 1983; Anderson & Pearson, 1984; Bransford & Johnson, 1972).
Cognitive neuroscientists have shown that new information can be added to
schemas, i.e. stable neural network, faster when this information fits the prior
knowledge (van Kesteren et al., 2012; Tse et al., 2007). Thus, when a learner’s
schema encompasses a misconception, it may be difficult for the instructor to
teach the scientific conception using traditional teaching methods. By activating
students’ prior knowledge, their current understanding of concepts and potential
misconceptions become detectable for instructors (Hailikari et al., 2008; Hewson
& Hewson, 1983). Future studies may focus on the use of conceptual change
instructions, including activation of prior knowledge, to alleviate the number of
misconceptions and enhance students’ conceptual understanding.

Our study has several limitations. We focused on the comparison of different
measurement instruments for self-perceived knowledge. The relatively low
difficulty level of questions might have limited the prevalence of misconceptions as
these were more comprehensive than conceptual-oriented questions. Additionally,
the post-test questions were not identical but isomorph to the pre-test questions
which may have resulted in unanticipated changes in item difficulty because of
near-transfer conversions of the original items. Furthermore, students had limited
time to process the information as the total length of a seminar was approximately
120min. An additional retention test might have provided more insight into the
stableness of students’ conceptual understanding.

Conclusion

This study was conducted to evaluate post-decision wagering as an instrument
for measuring students’ self-perceived knowledge in educational contexts. Our
findings add to the growing number of studies that demonstrate the subjective
properties of PDW and thus do not support previous literature on the objectivity
of PDW as a measure of confidence. In all, this study supports the use of Likert
scales over post-decision wagering as an instrument for measuring self-perceived
knowledge in educational settings.
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CHAPTER 8

Abstract

Misconceptions about physiology are a major threat to accurate scientific
and clinical reasoning in medical education. Awareness is often mentioned as
a prerequisite to achieve conceptual understanding; however, students are
frequently unaware of their incorrect understanding. We explored the multitier
approach as a tool to obtain insight into students’ awareness and misconceptions
regarding cardiovascular physiology. Biomedical sciences students (N = 81)
participated in a diagnostic multitier assessment on cardiovascular physiology.
Each question consisted of an answer tier and an explanation tier. Both tiers
were paired with confidence tiers, i.e., 5-point Likert scales, which were used
as an indicator for metacognitive evaluation, i.e., awareness. The average test
score was 3.07 (maximum 4.0) for the answer tier only, and reduced to 1.57
when answer and explanation tiers were combined. A weak correlation (R* = .13,
p = .001) between students’ confidence and their test scores was found for the
combined responses. Correct combined answers were associated with an increase
in confidence score of 0.27 vs. incorrect answers. Using a Bland-Altman analysis,
we showed that students generally overestimated their knowledge. In total, 28.7%
of all responses were classified as misconceptions, defined as incorrect answers
paired with high confidence. In all, findings indicate that the multitier approach is
useful to study students’ conceptual understanding and uncover misconceptions
on cardiovascular physiology. Furthermore, this study supports the need for
metacognitive measures in order to improve teaching and learning in medical
education.
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Introduction

The awareness of being correct forms an important component of one’s knowledge
and ability to learn. This idea was already discussed by early and highly influential
philosophers, including Aristotle (c. 300 BC) and Confucius (c. 500 BC), and is
still acknowledged today (Colman, 2001; Flavell, 1979; Hewson & Hewson, 1983;
Legge, 1971). Awareness about one’s own thinking and correctness of knowledge
after performing a task is here referred to as metacognitive evaluation (Flavell,
1979, Pintrich, 2002). In medical education, students show a lack of metacognitive
evaluation skills consistently across medical training: reduced learning outcomes
have been demonstrated for prescribing drugs, clinical procedures, and evidence-
based medicine (Brinkman et al., 2015; Lai & Teng, 2011; Mavis, 2001; Morgan
& Cleave-Hogg, 2002; Morton et al.,, 2006). Remarkably, little emphasis is put
on metacognitive evaluation with regard to conceptual understanding of basic
sciences, including medical physiology. Nonetheless, accurate recognition of
knowing or not knowing something impacts on students’ knowledge acquisition
(Friedman et al., 2005; Rangel et al., 2017; Tweed et al., 2017a; Tweed et al.,
2017b) and is important for alleviating potential misconceptions in concept
learning (Chi et al.,, 2012; Posner et al., 1982). Any misconceptions on basic
science concepts may impair scientific and clinical reasoning, potentially leading
to diagnostic errors in medicine (Berner & Graber, 2008; Crosskerry & Norman,
2008; Grande, 2009; Woods, 2007).

Misconceptions are defined as strongly held ideas that are not in line with
current scientific views (Chi et al., 2012; Taylor & Kowalski, 2004; Wandersee et
al., 1994). Since students have limited metacognitive evaluation skills, we need
to develop reliable instruments that can amend this issue (Klymkowsky et al.,
2006; Rovick et al., 1999). Making students aware of their level of conceptual
understanding may help to alleviate any misconceptions. For instance, research
on metacognitive evaluation has shown that students’ rating their confidence in
their answer could gain deeper insight in their thoughts and potential misbeliefs.
Additionally, such confidence ratings may help educators to determine students’
actual knowledge (Kampmeyer et al., 2015; Treagust, 1986).

When students remain unaware of their lack of knowledge or misconceptions
and subsequently add new information to their current mental structures, this
may result in inconsistent thinking (Chi et al., 2012; Posner et al., 1982). Piaget’s
assimilation theory states that, if there is no fit between the new and the existing
information, new knowledge becomes compartmentalised and further strengthens
the misconceptions (Piaget, 1976). Educational theorists state that some scientific
concepts are difficult to learn because students already hold knowledge that is
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embedded in naive frameworks, e.g., personal everyday life experiences, and this
knowledge is inconsistent with the scientific view (Duit & Treagust, 2012; Duit
& Treagust, 1995; Posner et al., 1982). Misconceptions are acknowledged to be
highly resistant to change (Chi et al., 2012; Taylor & Kowalski, 2004) and may
require educational interventions that differ from the current teaching practice,
which only focuses on resolving students’ lack of knowledge by providing new
information without explicitly addressing misconceptions. Students holding
misconceptions may, for instance, benefit from “reshaping” their existing
knowledge, also referred to as conceptual change instruction (Hewson & Hewson,
1983), rather than receiving additional factual information or feedback (Archer,
2010; Ecker et al., 2011; Ecker et al., 2010). Thus it is of critical importance to
design instruments that allow for measuring students’ conceptual understanding,
including assessment of their level of awareness via metacognitive evaluation. By
implementing such diagnostic tests in the basic sciences curriculum, potential
misconceptions can be detected and alleviated accordingly.

One of the most frequently used forms of assessment in medical education
are multiple-choice (MC) questions (Anderson, 1979; McCoubrie, 2004). MC
questions allow reliable testing of large cohorts and permit evaluation of higher-
order problem-solving (Schuwirth & van der Vleuten, 2004), but they are not
yet widely applied as instruments for detection of misconceptions. Some studies
in medical education research have equipped traditional MC questions with a
confidence rating scale (Curtis et al., 2013; Curtis et al., 2012; Grazziotin-Soares
et al., 2018; Kampmeyer et al., 2015; Rangel et al., 2017; Tweed et al., 2017a).
This allows educators to differentiate between students who are competent,
i.e., high confidence-correct, who are guessing, i.e., low confidence-correct,
who have a lack of knowledge, i.e., low confidence-incorrect, and who have a
potential misconception, i.e., high confidence-incorrect. These MC questions
paired with confidence scales are a first attempt toward creating awareness and
subsequently uncovering misconceptions by using metacognitive measures in
assessments. In the domain of science education, Treagust and colleagues (1998)
took the MC assessment a step further (Treagust, 1988; Tsui & Treagust, 2010).
They have developed a two-tier diagnostic test to pinpoint students’ potential
misunderstanding of the subject matter. In the answer tier, students have to make
a binary choice (yes/no, higher/lower) about some specific content knowledge.
In the explanation tier, students are asked to mark a reason or explanation that
supports their choice in the first tier. In the two-tier format, however, it is difficult
to distinguish between an accurate understanding or guesswork. Moreover, for
incorrect answers, one cannot determine whether the response is a consequence
of alack of knowledge or due to a misconception. As outlined above, the confidence
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ratings may allow for these classifications. Combining such a two-tier test with
additional confidence ratings is also referred to as a multitier approach, which
has shown its potential in science education. The multitier approach has been
applied in various formats, including the four-tier format, which includes separate
confidence scales for each of the two tiers (Caleon & Subramaniam, 2010a, 2010b;
Sreenivasulu & Subramaniam, 2014; Yan & Subramaniam, 2018).

The multitier approachis a promising tool to measure conceptual understanding;
however, its effectiveness in medical education remains to be explored. The use
of a two-tier diagnostic test has been reported in the medical field already, but
has not yet been paired with confidence ratings (Palizvan et al., 2013). We aim to
investigate if a multitier approach provides information about students’ conceptual
understanding and potential misconceptions regarding cardiovascular physiology.

The implementation of the multitier approach in medical education may
provide insight in students’ conceptual understanding and distinguish cases
with a potential lack of knowledge from those who hold strong misconceptions.
This is useful feedback that can be used by both students and their educators to
improve learning and teaching, respectively. Since basic science knowledge forms
an important foundation for scientific and clinical reasoning (Berner & Graber,
2008; Crosskerry & Norman, 2008; Grande, 2009; Woods, 2007), we investigate
the use of multitier assessments in the context of basic cardiovascular physiology
concepts. This research is set out to address the following questions: 1) Can a
multitier approach provide information on students’ conceptual understanding
by assessing their metacognitive evaluation skills? 2) What are the prominent
misconceptions regarding cardiovascular physiology and their prevalence among
biomedical students?

Methods

Participants

Eighty-one biomedical sciences students voluntarily participated in this
experimental study. These were second-year bachelor students enrolled in a
“Physiology Basic Concepts” course. The male-to-female ratio in this cohort was
30:70.

Ethical considerations

The educational research study was announced at the beginning of the course,
and before the test students were asked to provide informed consent to use
their anonymous answers for educational research. They could withdraw their
permission at any time. Students received no additional credit, and they were
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informed that test performance had no effect on their course grade. The study
protocol was reviewed and approved by the Leiden University Medical Center
Institutional Scientific Committee on Educational Research.

Study design

As part of the course setup, students were enrolled in seminar groups (~20
students/group). During the seminar, students performed a test consisting of four
questions concerning basic cardiovascular physiology concepts: 1) systolic heart
failure and ejection fraction; 2) cardiac output and mean arterial blood pressure;
3) transit time in pulmonary and systemic circulations; and 4) afterload and stroke
volume. Each question consisted of four tiers, i.e., an answer tier, an explanation
tier, and two confidence tiers (Figure 1). In the answer tier, students were asked
to provide a binary yes/no (Y/N) answer. In the explanation tier, students could
choose one of the suggested explanations (4-6 options) that best supported the
reasoning underlying their Y/N answer. Note that each option could be a correct
statement in and of itself, but that the students should choose the option that best
explains their given Y/N answer. The questions and explanations were designed
by a physiology teacher (PS) with longstanding experience in cardiovascular
research and teaching and designing and reviewing exam questions. We selected
four topics that were handled in the course and on which, based on our experience,
misconceptions are relatively common. We aimed for concepts that could be
tested by compact statements for which relatively short correct explanations
and multiple “plausible” alternative incorrect explanations could be formulated.
Confidence was assessed on both the answer and the explanation: “How sure are
you that your answer to the previous question was correct?” Confidence was self-
graded using a 5-point Likert scale: 1 = very unsure (complete guess), 2 = fairly
unsure, 3 = in doubt, 4 = fairly sure, 5 = very sure (almost 100%).

Outcome measures

To determine whether a multitier approach can make students aware of their
conceptual understanding by assessing metacognitive evaluation, we used various
outcome measures. First, we reported the performance scores and corresponding
confidence scores for each question. Performance scores are also given corrected
for guessing, e.g. 25% guess chance for a four-option MCQ, using the following
formula: (score — guess score)/(maximum score — guess score). Second,
we computed the correlation between overall test performance, i.e., actual
knowledge, and average confidence level, i.e., self-perceived knowledge, for each
student, using Spearman’s rank correlation coefficient. Third, to determine the
within-student difference in confidence between incorrect and correct answers,
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Question

The transit time of a red blood cell through the pulmonary circulation is less than its transit
time through the systemic circulation.

(1) Answer tier
Is this statement correct?

A. Yes*
B. No

(2) Confidence tier
How sure (confident) are you that your answer to the previous question was correct?

A. Very unsure (complete guess)
B. Fairly unsure

C. Indoubt (50/50)

D. Fairly sure

E. Very sure (almost 100%)

(3) Explanation tier
Select an explanation for your answer: Because the pulmonary circulation and the systemic
circulation are connected in series and ...

A. Pulmonary blood volume is less than systemic blood volume*

B. Pulmonary vascular resistance is less than systemic vascular resistance
C. Right ventricular pressure is lower than left ventricular pressure

D. Blood viscosity is the same in both systems

E. Mean blood velocity is the same in both systems

F. The flow is the same in both systems

(4) Confidence tier
How sure (confident) are you that your answer to the previous question was correct?
A. Very unsure (complete guess)
B. Fairly unsure
C. In doubt (50/50)
D. Fairly sure
E. Very sure (almost 100%)

Figure 1 | Example of a multitier question derived from our concept test.

confidence scores were corrected for each student’s average confidence score,
and subsequently the difference in confidence per question was determined by
linear regression.

Following the idea that knowledge is not solely a matter of being able to provide
correct answers (performance) but also incorporates students’ confidence in
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it, Kampmeyer and colleagues (2015) introduced the knowledge value. The
knowledge value combines correctness and confidence in a single value and
allows one to distinguish between learners who have similar test scores, but
who differ in their metacognitive evaluation. For example, a student who has the
maximum test score but who underestimated her/himself, i.e. a low metacognitive
evaluation score, has a lower knowledge value than a student who has both high
test and metacognitive evaluation performance. For this analysis, correctness and
confidence were both normalised on a 0-1 scale, and we defined knowledge value
= 0.5 x (confidence / correctness) and centration = (confidence — correctness)
using the Bland-Altman analysis.

We used Hasan’s decision matrix to examine the prevalence of misconceptions
among students (Hasan et al., 1999). To this end, confidence levels were reduced
to dichotomous outcomes: levels 1, 2, and 3 were scored as low confidence; levels
4 and 5 as high confidence. This cut-off was chosen because students selecting “3”
were still essentially unsure (‘in doubt’) about the correct answer. If the student
provided the wrong response to the answer tier and indicated that he/she was
fairly sure (level 4) or very sure (level 5), a misconception was assumed to be
present.

Via the explanation tier, we further tested the students by asking for the
underlying arguments. If the student failed to provide the correct explanation, this
was also taken to indicate a misconception, even if the Y/N answer was correct.

To identify the misconceptions more specifically, we adopted a quantitative
analysis proposed by Caleon and Subramaniam (2010a). To obtain robust results,
we classified only incorrect answers and explanations that were chosen by at least
10% of the participants as real alternative conceptions. Accordingly, we calculated
the associated confidence in these alternative conceptions (CAC), the average
confidence rating of students with this conception. Since we used a cut-off of 3,
spurious alternative conceptions in this study have a CAC value between 3 and 3.5
and strong alternative conceptions yield a CAC = 3.5.

Results

Metacognitive evaluation

A total of 91.5% students provided a correct response on the answer tier of
question 1 (Table 1). Correcting for the 50% guess score, this results in a score of
83.0%. The associated average confidence score was 3.77 out of 5. The explanation
tier of question 1 was answered correctly by 54.9% of all students, paired with
an average confidence of 3.12. When combining the answers, 54.9% provided
a correct answer on both the answer and explanation tier, meaning that almost
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Table 1 | Students’ correctness and associated confidence on the multitier instrument.

Answer tier Y/N Explanation tier Combined tiers
Correct Correct Correct
Confidence  SD Confidence  SD Confidence  SD
(%) (%) (%)
91.5 54.9 54.9
Q1 3.77 0.74 3.16 0.84 3.49 0.59
(83.0) (39.9) (48.5)
68.3 26.8 23.2
Q2 3.38 0.77 2.96 0.94 3.17 0.67
(36.6) (12.1) (16.2)
75.6 30.5 29.3
Q3 3.67 0.85 3.06 0.86 3.36 0.73
(51.2) (16.6) (22.9)
70.7 46.3 45.1
Q4 3.81 0.84 3.48 1.01 3.65 0.84
(41.4) (35.6) (40.1)

N = 81 students. Scores in brackets are adjusted for guessing.

40.0% of initially correct students failed to mark the correct explanation. The
average confidence for the combined tiers was 3.45. Similar results were obtained
for the other questions (Table 1).

The average total test scores (maximum 4 points) among students when
combining the answer and explanation tier was 1.57, compared with 3.07 for the
answer tier only, yielding a significant reduction in performance (£(80) = 13.209, p
=.001, d = 1.56). The self-assessed confidence levels were also significantly lower
for the combined tiers (3.42) vs. the answer tier responses (3.67) (t(80) =9.337,p
=.001, d = 0.55). The average confidence levels for the answer tier responses and
for the combined responses were both above 3 for all questions.

For the answer tier, there was no significant correlation between students’ test
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Figure 2 | Relations between confidence and correctness. (A) Average confidence versus
test score for the answer tier. (B) Average confidence versus test score for the combined
tiers. (C) Regression analysis (within students) shows an increase in confidence related to
the correctness of answers. Y/N, yes/no.

133



CHAPTER 8

Y/N Combined

1.0 1.0

0.8 0.8 &

0.6 0.61 & o°

o
0.41 O 0.41 f
o

§ 0.2 oc>o o § 0.21 && f) o
0.0 i, O 8 0.0 (&9 .............
=) c)c>c> ° 8
8 -0.24 o ° 8 -0.21 O&O

-0.4- o® -0.4- o

o

0.6 © -0.6

-0.84 -0.81

-1.0 —T— T -1.0 — T

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
knowledge value knowledge value

Figure 3 | Bland-Altman analysis. The knowledge values [0.5 x (confidence + correctness)]
are plotted against the mean centration values (confidence — correctness) for each
individual student. Y/N, yes/no.

scores and their average level of confidence (Figure 2A). For the combined tiers, a
weak positive correlation (R? = .13, p =.001) was found (Figure 2B). The average
confidence for a correct response on a Y/N question was 3.72 vs. 3.34 for an
incorrect response (¢(322) = 1.940, p = .053). For the combined tiers, the average
confidence was 3.67 for correct answers and 3.21 for incorrect answers (t(322)
= 2.711, p = .007). After removing the between-student variability in average
confidence, the specific effect of an incorrect vs. a correct combined answer was
determined as 0.27 on the 5-point confidence scale (Figure 2C). In addition to the
correlation analysis, we performed a Bland-Altman analysis to relate students’
knowledge values and centration values (compare Methods, Figure 3). The
average knowledge value was higher for the answer tier (0.74) compared with the
combined tiers (0.54). The mean centration is negative for Y/N answers (0.03),
which indicates a bias between actual knowledge and confidence with a tendency
toward underestimation for Y/N responses. For the combined tiers, the mean
centration is positive (0.29), meaning that, based on their multitier assessment,
students, on average, overestimate their actual knowledge.

Misconceptions

The prevalence of misconceptions was computed using Hasan’s decision matrix
(Figure 4). Looking only at the answer tiers of each question, 10.4% of all answers
were categorised as misconceptions. Almost one-half of the Y/N answers were
answered correctly with high confidence (48.8%). Moreover, 27.7% of the answers
were correct but paired with low confidence, i.e., lucky guesses, and 13.1% were
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Table 2 | Misconceptions on cardiovascular physiology.

CAC

%students with
Misconception Mean SD
misconception

Q1 A patient with systolic heart failure will have a low ejection fraction,
because with systolic heart failure end-diastolic volume and stroke 34.6 3.46 0.70
volume are both decreased.
Q2M1 During exercise the % increase in cardiac output is not approximately
the same as the % increase in mean arterial blood pressure. Because
during exercise the increase in cardiac output is mainly due to an
increase in heart rate.
Q2M2 During exercise the % increase in cardiac output is approximately
the same as the % increase in mean arterial blood pressure. Because
21.0 2.97 0.65
during exercise the increase in cardiac output is mainly due to an
increase in heart rate.
Q3M1 The transit time of ared blood cell through the pulmonary circulation
is not less than its transit time through the systemic circulation.
Because the pulmonary circulation and the systemic circulation are 28.4 3.22 1.03
connected in series and pulmonary vascular resistance is less than
systemic vascular resistance.
Q3M2  The transit time of a red blood cell through the pulmonary circulation
is less than its transit time through the systemic circulation.
11.1 3.61 0.97
Because the pulmonary circulation and the systemic circulation are
connected in series and the flow is the same in both systems.
Q4M1 An increase in afterload will generally cause a decrease in stroke
volume. Because with an increase in afterload end-systolic volume 16.0 4.00 0.94
will decrease.
Q4M2  Anincrease in afterload will generally not cause a decrease in stroke
volume. Because with an increase in afterload end-systolic volume 11.1 3.11 1.38

will decrease.

CAC, confidence for alternative conceptions.

recognised as a lack of knowledge.

If also the responses on the explanation tier are taken into account, the
distribution of outcomes clearly changes. The percentage of misconceptions
nearly triples toward 28.7%, and only 29.9% of all answers are categorised as
right conceptions. The percentage of lucky guesses reduces to 8.8%, and lack of
knowledge increases to 32.6%.

Table 2 shows a list of seven misconceptions on cardiovascular physiology
that were identified in our study. The mean confidence for these misconceptions
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Figure 4 | Hasan’s decision matrix. Y/N, yes/no.

ranges between 2.97 and 4.00. Using the classification scheme of Caleon and
Subramanian (2010a), we classified two of these responses (Q3M2 and Q4M1) as
strong alternative conceptions.

Discussion

Our study shows that the multitier approach can provide information about
students’ level of conceptual understanding and their associated metacognitive
evaluation skills. Interestingly, students frequently chose an incorrect explanation
they believed was associated with their initial correct Y/N response. These
incorrect explanations were often paired with high confidence; therefore, we
conclude that misconceptions are clearly present among students enrolled in this
cardiovascular physiology course.

Metacognitive evaluation

Based on the Y/N responses, students yielded relatively high performance scores
on the test. Students performed significantly worse when they had to mark the
explanation they believed was associated with their Y/N response (Table 1).
Remarkably, although significantly lower, the self-reported confidence levels were
not altered substantially on the multitier assessment compared with the confidence
in students’ Y/N responses. Average confidence responses were still between “in-
doubt” and “fairly sure” and indicated an overestimation of students’ knowledge
when considering the combined tiers. Furthermore, the relation between students’
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actual knowledge and confidence showed only a weak correlation (Figure 2). These
results are in line with previous literature demonstrating a tendency of students
to overestimate themselves (Brinkman et al., 2015; Kruger & Dunning, 1999; Lai
& Teng, 2011). Using the Bland-Altman approach, we confirmed that students
indeed overestimate their actual knowledge, primarily when they have to choose
the right explanation for a question (Figure 3). The negative correlation between
the knowledge values and the centration indicated that the overestimation is less
for students with a higher knowledge value. These results are in contrast with
previous findings from Kampmeyer and colleagues (2015), who found a relatively
low percentage of incorrect high-confident answers. However, Kampmeyer et
al. (2015) used traditional MC questions instead of a multitier approach, which
complicates the interpretation of differences in study outcomes. The difference
in confidence responses between correct and incorrect answers is significant in
our study, but only for the combined tiers. Our findings are supported by previous
studies, which have shown that students’ confidence in correct responses is higher
(Kampmeyer et al., 2015; Rangel et al., 2017).

Misconceptions

The prevalence of misconceptions was 10.4%, considering Y/N responses only, and
increased to 28.7% when including the explanation tier (Figure 4). The number of
incorrect answers paired with high confidence, i.e., misconceptions, was almost
the same as those paired with low confidence i.e., lack of knowledge, indicating
that educators should equally focus on both categories. Notably, the percentage
of misconceptions in our study was lower than reported previously (Michael et
al., 2002; Palizvan et al., 2013), although these studies did not include confidence
measures. For cardiovascular physiology, the most prevalent misconceptions of
our test were outlined (Table 2). For some questions, the average CAC was higher
than for the correct answer. In all, findings indicate that students’ basic science
knowledge on cardiovascular physiology is insufficient. Therefore, educators
should not only design conceptual change interventions to alleviate the prevalence
of misconceptions, but also focus on the apparent lack of knowledge among
students by examining their prior knowledge, for example.

Probability of guessing

The difference between high scores on the answer tier vs. relatively low scores on
the combined tiers may be partly explained by the probability of guessing. Since
the answer tier is associated with a high chance of guessing (50%), students’ scores
will be an overestimation of their actual knowledge. The difference between Y/N
and combined tiers might thus be more subtle. Therefore, we applied a correction
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for the probability of guessing to the absolute values (Table 1). Although the
difference is smaller after correction for guessing, it remains significant.

Strengths and limitations

To our knowledge we are the first to evaluate the use of the multitier approach in
medical education. We used the multitier approach to uncover students’ conceptual
understanding. Additionally, we showed that there is a clear lack of metacognitive
evaluation skills among students regarding basic science knowledge. Still, this study
contains several limitations that should be addressed. First, our findings are based
on a relatively small set of questions testing conceptual understanding related to
cardiovascular physiology. It would be interesting to investigate the multitier
approach in other contexts, such as other basic science knowledge or clinical skills.
Second, we limited ourselves to exploring the single relationship between students’
confidence and performance. Other factors, such as motivation and question type,
may have a substantial influence on both confidence ratings and performance and
should be analyzed in future studies. Third, we used a 5-point confidence scale
for both tiers, although the answer tier only had two answer options. It may not
seem logical for students to give a rating 3, as this rating was defined as doubting
between two answer options. However, no students commented on this issue, and
remarkably 5.9% of the confidence ratings associated with the Y/N response were
3. This finding illustrates that more methodological research might be needed on
students’ interpretation of confidence rating scales. Lastly, this experiment did not
provide a representative overview of existing misconceptions in cardiovascular
physiology, since the assessment only comprised four questions. Instead, this
study is considered a proof-of-concept study demonstrating that the multitier
approach is useful for detecting students misconceptions in medical education.

Conclusion

We showed that the multitier approach allows students and their educators to gain
insight in students’ level of conceptual understanding and to reveal their potential
misconceptions. Broad implementation of the multitier diagnostic test can help
educators to more precisely pin-point knowledge deficiencies, which may result in
more effective teaching approaches and learning across the medical curriculum.
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CHAPTER 9

Abstract

Background

In medical physiology, educators and students face a serious challenge termed
misconceptions. Misconceptions are incorrect ideas that do not match current
scientific views. Accordingly, they have shown to hamper teaching and learning of
physiological concepts. Conceptual Change Theory forms the basis of new teaching
and learning practices that may alleviate misconceptions and facilitate critical
thinking skills that are essential in becoming knowledgeable, self-regulated health
professionals. In this study, we examined if such an intervention named refutation
texts, could enhance medical students’ cognition and metacognition.

Methods

First-year medical students (N = 161) performed a pre-test and post-test on
cardiovascular physiology concepts, including a self-perceived confidence rating.
In between, students read either a standard text with an explanation of the correct
answer, or a refutation text which additionally refuted related misconceptions.

Results

In both groups, average performance scores (refutation: +22.5%, standard:
+22.8%) and overall confidence ratings (refutation: A0.42 out of 5, standard: A0.35
out of 5) increased significantly (all p <.001), but a significant effect of the specific
refutation element was not found. Initially incorrect answers were corrected less
frequently in cases of high confidence (35.8%) than low confidence (61.4%).

Conclusions

Our results showed that refutation texts significantly increased students’
knowledge, however, the refutation element did not have a significant additional
effect. Furthermore, high confidence in incorrect answers negatively affected the
likelihood of correction. These findings provide implications for teaching practices
on concept learning, by showing that educators should take into account the key
role of metacognition, and the nature of misconceptions.
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Introduction

Physiology plays a central role in understanding human body functions (Finnerty
et al., 2010). It is therefore problematic that many medical students find it difficult
to acquire accurate knowledge of physiological concepts (Michael, 2007). This
may be partially due to the presence of misconceptions (Badenhorst et al., 2016;
Michael, 1998; Feltovich et al., 1993). Misconceptions can be defined as incorrect
ideas that do not match current scientific views (Versteeg et al., 2019). Over
the last 30 years, misconceptions in science education have been demonstrated
repeatedly (Ahopelto et al., 2011; Palizvan et al., 2013; Versteeg et al., 2019;
Michael et al., 2002). Misconceptions are resistant to change as they frequently
persist even after direct instruction (Chi, 2005). In medical education this topic
is less well studied and few didactic strategies have been put forward to address
misconceptions and promote conceptual change among students.

The process of shifting from an incorrect scientific understanding to a correct
one is strongly influenced by what a learner already knows (Bransford, 1979).
A learner’s prior knowledge should therefore always be engaged while trying to
understand new information. Sometimes, the to-be-learned information conflicts
with one’s prior knowledge. It then requires reorganization of cognitive schemas
in the brain to accommodate novel information (Kendeou & O’Brien, 2014;
Piaget, 1976). When such cognitive conflicts concern conceptual knowledge, this
reorganization process is referred to as conceptual change (Posner et al., 1982).
By contaminating the learner’s prior knowledge, misconceptions may inhibit
rather than facilitate learning of new information (Kendeou & O’Brien, 2014;
Sinatra & Broughton, 2011; Guzzetti et al., 1993).

Teachers may not succeed to alleviate misconceptions by simply providing
the right answer or explanation to a question (Guzzetti et al., 1993; Tippett,
2010). Educational researchers have proposed that teaching strategies should
explicitly undermine, i.e. refute, learners’ misconceptions (Braasch et al., 2013),
for example by using refutation texts. Refutation texts typically comprise three
components: (1) the common misconception, (2) the refutation which explicitly
debunks the misconception, (3) the correct answer (Tippett, 2010; Braasch et al.,
2013). A refutation text for the misconception that blood slows down at a vessel
narrowing states:

Many people think that the velocity of blood decreases when it enters a
constricted section of a vessel, just like cars slow down when the road
narrows, i.e. misconception, but this notion is false since blood, being
a liquid, cannot be compressed, i.e. refutation. The velocity of blood
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actually increases because the same blood volume has to pass through a
smaller cross-section in the same time frame, i.e. correct answer.

The potential of refutation texts to induce conceptual change has been
demonstrated in various science domains including physics (Braasch et al.,
2013) and biology (Mason et al., 2008; Sidervik et al., 2014). Superiority of this
instructional approach is presumably based on the mechanism of coactivation
as described in the Knowledge Revision Components framework (Kendeou &
O’Brien, 2013). Coactivation of the misconception and correct concept appears
crucial for establishing learners’ awareness of the existing conflict. Knowing that
there is an apparent inconsistency between prior knowledge and new information
may lead to an experience of cognitive conflict, followed by attempts to resolve
this issue (Kendeou & Van Den Broek, 2007; Diakidoy et al., 2016). In the case
of refutation texts, the cognitive conflict may be induced by reading the common
misconception plus a refutation that debunks this misconception. This conflict
may lead to the reorganization of cognitive schemas in the brain (Kendeou &
O’Brien, 2013; Piaget, 1976). Such reorganizations as induced by refutation texts
reflect the process of conceptual change, ideally resulting in accurate conceptual
understanding.

The cognitive effect of refutation texts on learners’ conceptual understanding
depends on a learner’s metacognition. Metacognition is the process of thinking
about one’s thinking (Flavell, 1979), and encompasses an important component
referred to as metacognitive knowledge (Pintrich, 2002). Metacognitive
knowledge entails being aware of what you do and do not know, e.g. when reading
refutation texts this could entail becoming aware of a cognitive conflict (Pintrich,
2002). Only students who can accurately judge, i.e. metacognitively evaluate that
their understanding of a concept is insufficient may choose to further study this
concept (Mason et al., 2011; Thiede et al., 2003). Building on the importance
of metacognition in concept learning, refutation texts may stimulate students’
conceptual change through enhancing their metacognitive knowledge (Tippett,
2010; Mason et al.,, 2011). Various studies in elementary school and higher
education support this hypothesis (Mason et al., 2008; Mason et al., 2017),
however, others failed to demonstrate enhancement of students’ metacognitive
knowledge after reading refutation texts (Van Loon et al., 2015). So, despite
the theoretical link between conceptual change and metacognitive knowledge,
research investigating the influence of refutation texts on learners’ metacognitive
knowledge remains limited and so far inconclusive.

In addition to investigating the influence of refutation texts on students’
conceptual understanding and metacognitive knowledge, it may be of interest
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to examine which learner characteristics are most productive for facilitating
conceptual change. Some studies distinguish between misconceptions held by
learners with low-confidence versus misconceptions held with high-confidence
(Van Loon et al., 2015; Cordova et al., 2014; Curtis et al., 2013). Of note, in some
studies the term misconception is reserved exclusively for the latter type, whereas
‘wrong answers’ held with low confidence are referred to as lack of knowledge.
Researchers have suggested that high-confidence misconceptions are hardest to
correct because they are more strongly represented in memory and they impair
the student in accommodation contrasting information (Ecker et al., 2011; Pintrich
et al., 1993). The hypercorrection effect, however, contradicts this hypothesis,
stating that corrective feedback induces coactivation which may particularly
surprise learners who are highly confident about their misconceptions, thereby
increasing their attention and enhancing text comprehension (Butterfield &
Metcalfe, 2001; Butler et al., 2011; Carpenter et al., 2018).

In this study, we investigated the cognitive effect, metacognitive effect and
hypercorrection effect in a refutation text intervention. Firstly, we investigated
if reading refutation texts improves actual knowledge, i.e. cognition. Secondly,
we studied if reading refutation texts improves self-perceived knowledge, i.e.
metacognition. Thirdly, we tested if the hypercorrection effect occurred: we
hypothesised that high-confidence incorrect answers would be corrected more
frequently than low-confidence incorrect answers. In summary, we presume
that research on conceptual change interventions in medical education is needed
to improve students’ conceptual understanding. Moreover, equipping students
with accurate knowledge about physiological concepts may ultimately result in
improved clinical reasoning and decision-making (Woods, 2007; Lisk et al., 2016).

Methods

Participants and setting

This study was conducted in first-year medical students at the Leiden University
Medical Center (LUMC). At the start of the academic year the student cohort was
divided into 24 groups, 12 groups (12-15 students/group, total 161 students) were
includedinthis study. The protocol was implemented in a seminar on cardiovascular
physiology. This seminar was part of a compulsory, 8-weeks course on integrative
cardiovascular, respiratory and kidney physiology at the beginning of the second
semester. The course seminars focus on solving clinically-based scenarios in
small-group sessions led by an expert. This study was performed during the first
course seminar, which focusses on the concepts of flow, pressure and resistance.
These concepts were introduced and explained in a plenary lecture a few days
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before the seminar and the students were instructed to study them prior to the
seminar also using a specified section from a medical physiology textbook (Boron
& Boulpaep, 2016).

This study protocol was approved by the LUMC Educational Research Review
Board (ERRB), reference number: OEC/ERRB/20171010/2. Students provided
informed consent to use their responses for scientific analysis and publication.
They received no additional credit and they were informed that all data would be
anonymised and test performance had no effect on their course grade. They could
withdraw their permission at any time.

Procedure

In our study, half of the groups were assigned to the Refutation text intervention,
and the other half received a Standard text control intervention. Allocation to these
two experimental groups was arbitrarily except for the aim to have a similar male-
to-female ratio (30:70) in all groups. The study was performed in a classroom
setting at the beginning of a seminar. All students performed a pre-test, followed
by either a Refutation text or Standard text intervention, and a subsequent post-
test with near-transfer questions. Both tests were given on paper and consisted of
four multiple-choice multi-tier questions. All questions were about cardiovascular
physiology topics regarding flow, pressure and resistance. In between the pre-
test and post-test, each student received either refutation texts or standard texts
(see Supplementary L for examples). The standard texts gave, for each question
of the pre-test, the right answer plus an explanation (average 177 words/text).
Students had four minutes to answer each question on the pre-test and post-test,
and also four minutes for reading each refutation or standard text. The study was
teacher-paced, meaning that students had to wait for the next question or text if
they finished earlier, resulting in a total time of 48 minutes. The refutation texts
groups followed a similar procedure, except that the texts contained an additional
sentence, i.e. refutation element, that presented a common misconception with an
explicit refutation of that misconception, before providing the correct answer with
the explanation (average 226 words/text). During the tests, students received a
summary sheet with all the relevant factual knowledge to reduce the number of
incorrect answers merely due to lack of factual knowledge.

Materials

The questions and explanations were designed by a physiology teacher (PS) with
longstanding experience in cardiovascular research and teaching, and designing
and reviewing exam questions. Each question consisted of three tiers, i.e. an
answer tier, an explanation tier, and a confidence tier (see Supplementary K for
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examples). In the answer tier, students were asked to provide a binary Yes/No or
an ‘Increase/Decrease/No change’ answer. In the explanation tier students could
choose one of the suggested explanations that best supported their reasoning
underlying their answer. Except for the right explanation, all other explanations
were designed to reflect possible misconceptions that students may hold. After
the explanation tier, students had to answer the confidence tier: ‘How sure are
you that your answer to the previous question was correct?’. Confidence was
self-reported using a 5-pt Likert scale: 1: Very unsure (complete guess), 2: Fairly
unsure, 3: In doubt, 4: Fairly sure, 5: Very sure (almost 100%). All questions were
designed on the ‘apply’ and ‘analyse’ levels of Bloom’s taxonomy, and focused on
examining students’ conceptual knowledge (Krathwohl, 2002).

Data analyses

IBM SPSS Statistics Version 23.0 (IBM Corp., Armonk, New York, USA) and
GraphPad Prism Version 7.02 (GraphPad Software, La Jolla, California, USA) were
used for all data analyses and visualizations. Descriptive statistics are provided
as means and standard errors of the mean, unless otherwise mentioned. Only
answers that consisted of a correct initial answer and a correct explanation were
marked correct. Dependent samples t-tests were performed, for Refutation text
and Standard text groups separately, to determine whether there was a difference
in pre-test versus post-test scores.

An ANCOVA analysis was used to determine whether the post-test means,
adjusted for pre-test scores, differed between groups. To determine the effects
of response accuracy (incorrect or correct answer, i.e. cognitive effect), stage
(pre- or post-intervention) and group (standard or refutation text), and their
interactions with confidence, i.e. metacognitive effect, we used a multiple linear
regression (MLR) model with dummy variables. We used effects coding to avoid
multicollinearity. Consequently, the coding for the dummy variables for response
(R), stage (S) and group (G) was as follows: incorrect answer R=-1, correct answer
R=+1, pre-test S=-1, post-test S=+1, standard text G=-1, refutation text G=+1. The
MLR model was: Y =B + B,.R + B,.S + B..G + B,(.R.S + B, . .R.G + B, ..R.S.G.

This model was applied to the individually corrected confidence scores (Y): a
student’s average confidence score was subtracted from their confidence scores
on each question to remove the between-students variability in average confidence
scores.

To test the hypercorrection hypothesis, we determined the fraction of initial
misconceptions that were changed to a correct answer after intervention and
the fraction of initial lack of knowledge that was changed to a correct answer.
A hypercorrection effect is found if the fraction corrected misconceptions is
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Figure 1 | A decision matrix based on students’ actual and self-perceived knowledge.
Adapted from Hasan et al., 1991.

higher than the fraction corrected lack of knowledge. Therefore, outcomes were
made dichotomous: a confidence score below or equal to 3 was defined as low
and a confidence score above 3 as high. This cut-off was chosen because students
selecting “3” were still essentially unsure (‘in doubt’) about being correct. We
used Hasan’s decision matrix to label the answers (see Figure 1). According
to this matrix incorrect answers given with high confidence are considered
misconceptions, incorrect answers given with low confidence are considered a
lack of knowledge (Hasan et al., 1999). Correct answers held with low confidence
were labelled lucky guesses and correct answers with high confidence were
labelled correct knowledge. In these terms, misconceptions and lucky guesses
are considered low metacognition and correct knowledge and lack of knowledge
high metacognition. Furthermore, a cognitive effect was labelled positive when
one changed an incorrect answer to a correct answer. A metacognitive effect was
labelled positive when one changed from low metacognition to high metacognition.

Results

Table 1 presents the overall performance and average confidence scores on the
pre-test and post-test in both groups. After reading Refutation texts, the overall
test performance score increased significantly from 36.3%*0.03 to 58.8%=*0.03
(t(79) = 6.976, p < .001). For the Standard text group a significant increase from
34.3%%0.03 to 57.1%+0.03 was found (t(80) = 7.198, p < .001). There was no
significant difference in post-test performance between the group reading
Refutation texts and the group reading Standard texts (F(1,644) = 0.095, p =
.758). The overall confidences scores increased significantly from 3.10+0.06 to
3.5240.08 in the Refutation text group (t(79) = 6.154, p <.001). For the Standard
text group a significant increase from 3.23+0.06 to 3.58+0.05 was found (#(80) =
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Table 1 | Percentage correct of overall test performance and average confidence rating.

Refutation text Standard text

Performance (n=280) (n=81)
Overall test score, M(%) + SD
Pre test 36.3+£0.03 34.310.03
Post test 58.8+0.03 57.1+0.03
Average confidence rating, M(max 5) + SD
Pre test 3.10+0.06 3.23+0.06
Post test 3.52+0.08 3.568+0.05

6.101, p <.001). Additionally, there was also no significant difference in post-test
confidence scores between the groups (F(1,160) = 0.003, p = .954).

Figure 2 shows the relationship between students’ performance and confidence
scores on individual questions. For each student, confidence scores per question
were corrected for their average confidence to remove between-student variability
in average confidence, i.e. confidence*, see methods. In the refutation text group,
the difference in confidence scores between incorrect and correct answers
increased from A0.419 points pre-intervention to A0.643 points post-intervention.
The standard text group showed a similar increase from A0.382 to A0.695 points.
A complete overview of the numbers of incorrect and correct answers and related
confidence and confidence* in both groups, at both stages is shown in Table 2.

Multiple linear regression analysis was used to determine main and interactive
effects of response, stage and group on confidence*, see Table 3. Response and
stage were significant predictors. The significant interaction effect between
response and stage indicates that the difference in confidence* between incorrect

Table 2 | Number of incorrect and correct answers and related confidence and confidence*.

Confidence  Confidence*

Response (R) Stage (S) Group (G) N M= SD M=*SD
Incorrect Pretest Standard text 214 (16.6%) 3.13+0.84 -0.13 +£0.59
Refutation text 197 (15.3%) 2.92+0.89 -0.16 +0.68
Post test  Standard text ~ 141(10.9%) 3.14+£0.83 -0.40 £ 0.69
Refutation text 131 (10.2%) 3.11+0.96 -0.38 +0.61
Correct Pre test  Standard text 113 (8.8%) 3.42+0.99 0.25+0.82
Refutation text 116 (9.0%) 3.40+091 0.26 £0.77
Post test Standard text 189 (14.7%) 3.91+0.94  0.30 £ 0.82
Refutation text 187 (14.5%) 3.80+0.97 0.27+0.74
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Figure 2 | Relationship between students’ performance and confidence*.

and correct answers, i.e. the response effect, was significantly higher post-
intervention than pre-intervention. This interaction effect, however, was not
significantly different between the groups, as indicated by the lack of significance
for the response-stage-group interaction term.

Table 3 | Predictors of confidence*.

Parameter B Significance
Threshold 0.001 .955
Response 0.267 .000
Stage -0.055 .008
Group -0.003 .880
Response x Stage 0.067 .001
Response x Group -0.002 .930
Stage x Group 0.00003 .998
Response x Stage x Group -0.011 .585

Response; incorrect answer (-1), correct answer (+1). Stage; pre-test (-1), post-test (+1).
Group; standard text (-1), refutation text (+1).
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Figure 3 displays all changes, from pre- to post-intervention, in performance
and confidence for the refutation and standard text groups. Both groups showed
comparable changes. A positive cognitive effect was indicated if initially incorrect
answers, i.e. misconception or lack of knowledge, were changed to correct
answers, i.e. lucky guess or correct knowledge. A positive metacognitive effect
was indicated if initially low metacognitive accuracy, i.e. misconception or lucky
guess, changed to high metacognitive accuracy, i.e. lack of knowledge or correct
knowledge. In the refutation text group, an overall positive cognitive effect was
measured in 31.9% of cases compared to a negative cognitive effect of 9.4%. The
positive metacognitive effect was 23.8% compared to a negative metacognitive
effect of 21.3%. In the standard text group, the overall positive and negative
cognitive effects were 32.5% and 9.0%, and the metacognitive effects were 25.0%
and 20.5% respectively.

The hypercorrection hypothesis was tested by comparing the percentages
of low versus high confidence incorrect answers that were changed to correct
answers post-intervention. For the Refutation text group, 35.8% of the initially
incorrect answers that were rated with high confidence, i.e. misconceptions,
changed to correct knowledge after intervention. In contrast, initially incorrect
answers rated with low confidence, i.e. lack of knowledge, were corrected to the
right conception in 61.0% of cases. Similar findings were obtained in the Standard
text group: the percentage of misconceptions that was corrected was 40.3% versus

Answer changes
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Standard text

15

10—

number of changes (%)

pre lack of knowledge (Ik) misconception (ms) lucky guess (Ig) correct knowledge (ck)
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Figure 3 | Answer changes on pre-post test.
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66.0% of the lack of knowledge answers. Thus, these data do not support
the hypercorrection hypothesis for either group. Rather, students with lack
of knowledge more frequently corrected their answers than students with
misconceptions.

Discussion

With this study we investigated if reading refutation texts benefits conceptual
understanding in medical students. Based on previous research we expected
refutation texts to have a positive effect on students’ conceptual understanding, i.e.
cognition, plus associated awareness of their understanding, i.e. metacognition.
Additionally, based on the hypercorrection hypothesis we suggested that an
increase in conceptual understanding would be present in students with high-
confidence misconceptions in particular.

In summary, we found that reading refutation texts improved students’
cognition and metacognition but these effects were not significantly greater than
the effects of reading standard texts. Furthermore, we could not find support for
the hypercorrection hypothesis as students’ misconceptions were actually found
harder to correct than correcting a lack of knowledge. Here, we elaborate on
these findings and propose that instructional methods for concept learning should
take into account the key role of metacognition, and the nature of misconceptions.

Since the cognitive and metacognitive improvements were found in both
groups they could not be attributed to the refutation element, contrasting
previous studies in higher education (Braasch et al., 2013; Mason et al., 2008).
Rather, the increases may have been caused by the answer and explanation
elements that were present in both texts. According to the Knowledge Revision
Components framework (Kendeou & O’Brien, 2013), co-activation of learners’
prior knowledge and new information may result in awareness of a possible
cognitive conflict. Learners attempt to resolve this issue, leading to enhanced
conceptual understanding. In our case, co-activation could have been induced
by the answer or explanation element rather than the refutation element per se.
Notably, many different misconceptions may be present among learners whereas
the refutation element only addressed one of the supposedly most common
misconceptions. Consequently, other possible alternative conceptions may have
been left unaddressed, thereby limiting co-activation.

Asindicated by an increase in accurate metacognitive judgements, co-activation
seemed to be established to some extent in both groups, although, the absolute
metacognitive outcomes remained relatively poor. This finding aligns with a
review by Thiede and colleagues (2009) reporting that the average correlation
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between one’s actual performance and one’s self-perceived performance across
57 studies was on average 0.27. Since metacognition plays an important role in
conceptual change processes, we suggest educators and researchers should pay
more attention to the metacognitive component of learning (Sandars & Cleary,
2011). This also relates to the view of the medical education community that
students are expected to engage in their education as self-regulated learners
(Sandars & Cleary, 2011; Royal College of Physicians and Surgeons of Canada,
2000). Self-regulated learning is an umbrella term that covers the cognitive,
metacognitive, behavioural, motivational, and affective aspects of learning (for
a review see Panadero, 2017). According to theory and proven in practice,
important metacognitive skills to facilitate self-regulated learning are being able
to accurately plan, monitor and evaluate one’s learning. Being able to self-regulate
one’s learning is relevant for numerous reasons, including learning effectively,
independently, and lifelong (Zimmerman, 1990; Murdoch-Eaton & Whittle, 2012;
Bjork et al., 2013). This comes with an important task for the medical educator
as explicit teaching of these metacognitive skills inevitable. Learning how to learn
cannot be left to students. It must be taught (de Bruin et al., 2017; Tanner, 2012;
Gall, 1990).

The lack of additional benefit of the refutation element may be further
explained by the nature of our misconceptions. As described by Chi, one can
distinguish three types of knowledge representation: single ideas, mental models
and categories (Chi, 2009b). Faulty ideas are suggested to be refuted more easily
compared to flawed mental models or complex concepts such as physiological
concepts. Regarding the latter, learners must generate inferences by connecting
and understanding cause-effect relations (Graesser et al., 1994; Kintsch, 1998).
For our physiological misconceptions, refutation texts alone may not have been
sufficient to achieve coherent concept representation. Additional educational
approaches including diagramming, problem-based learning and peer instruction
may be needed to establish conceptual change for abstract scientific concepts
(Versteeg et al., 2019; Chen et al., 2019; Loyens et al., 2015).

Contrary to the hypercorrection hypothesis, our findings showed that
incorrect low confidence answers, i.e. lack of knowledge, were corrected more
frequently than incorrect high confidence answers, i.e. misconceptions, after the
interventions. This finding suggests that misconceptions are harder to correct
than lack of knowledge which resonates with Conceptual Change Theory (Posner
et al., 1982). Again, the nature of misconceptions may play an important role in
the ease with which conceptual change can be achieved. Interestingly, a previous
study by van Loon et al., (2015) showed results similar to our study and suggested
that the absence of the hypercorrection effect may also be clarified by the feedback
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format. Both van Loon et al., (2015) and our study provided feedback (through
text reading) to students on all questions, whether they held a misconception or
not. Contrastingly, previous hypercorrection studies only provided feedback to
learners when they made an error which might cause attentional bias towards
the misconceptions (Van Loon et al., 2015). Due to the contextual and protocol
variations, it remains difficult to compare and generalise results across studies.
Therefore, future studies in the specific context of medicine are needed to advance
conceptual change research in medical education.

This research has limitations that need be considered when interpreting its
results. Conceptual change is a gradual process, therefore, a longitudinal design
including long-term outcomes may provide additional insights in students’
learning processes. Furthermore, our study was conducted in a real-life seminar
setting and therefore comprised a limited number of questions. Additionally, we
used a multi-tier approach with multiple choice answers (Versteeg et al., 2019).
Regarding students’ cognition, we cannot know if there were other alternative
conceptions that were not explicitly stated in the assessment format. Regarding
students’ metacognition, we cannot identify the metacognitive processes that
occurred during reading as we only measured their confidence after reading.
Future research may include open-ended questions or thinking aloud procedures
to provide more information on students’ level of conceptual understanding and
metacognitive processes.

Conclusion

This study was the first to investigate the effect of refutation texts on conceptual
understanding in medical students. Reading refutation texts did not significantly
improve students’ cognition and metacognition beyond reading standard texts.
Importantly, we found that misconceptions on cardiovascular physiology were
robust and the accuracy of metacognitive judgements among medical students
was relatively low. These findings have implications for classroom practice, by
addressing the critical role of metacognition and the nature of misconceptions
in physiological concept learning. Future studies should take into account these
cognitive and metacognitive facets involved in students’ learning processes in
order to develop effective teaching practices.
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CHAPTER 10

Abstract

Purpose

A metacognitive habit of mind is essential for healthcare professionals. This study
identified metacognitive competencies of medical students as they completed a
conceptual learning task, and provided insight in students’ perceptions of self-
regulated learning in their curriculum.

Methods

A qualitative study was conducted including a thinking aloud assignment and a
semi-structured interview. Eleven third-year medical students from a Dutch
University were purposively sampled. The data was transcribed verbatim and
analysed iteratively using a template analysis.

Results

Students differed in their use of metacognitive skills, with an overall focus
on monitoring and to a lesser extent on planning and evaluation. Additionally,
differences were found in students’ metacognitive knowledge and metacognitive
experiences. There was apparent use of inefficient superficial predictive cues.
Regarding perceptions of self-regulated learning skills, some students felt no need
for developing such skills as they perceived medical education as an exercise in
memorising facts. Others emphasised the need for more insight in their actual
level of knowledge and competence.

Conclusion

Undergraduate medical students require explicit teaching of metacognitive skills to
facilitate self-regulated learning. Educators should aim to integrate metacognition
in the everyday discourse of the classroom to foster an environment in which
students discuss their own learning.
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Introduction

Self-regulated learning is a necessary skill for healthcare professionals to develop.
However, explicit teaching of the required metacognitive competencies for self-
regulation appears to be scarce in medical education (Sandars & Cleary, 2011;
Artino et al., 2012). Medical students often struggle to acquire an adequate level
of metacognition (Lucieer et al., 2016; de Bruin et al., 2017). In this study, we
investigated undergraduates’ metacognitive competencies and their associated
perceptions on self-regulated learning.

Although self-regulation is recognised by the medical education community
as an important prerequisite for effective learning, it is a common incorrect
assumption that such a skill is implicitly acquired (Bjork et al., 2013). Researchers
have suggested that medical schools should specifically emphasise self-regulated
learning, since development of self-regulation is a shared responsibility between
both students and educators (Sandars & Cleary, 2011; Brydges et al., 2015).
Sophisticated self-regulated learners are capable of reflecting on their own
performance and modifying their approach for future attempts (Zimmerman,
2000; Sandars, 2013). In essence, self-regulated learners are the captains of their
own learning. David Sackett pleads for more captains by advising: “Half of what
you’ll learn in medical school will be shown to be either dead wrong or out of date
within five years of your graduation; the trouble is that nobody can tell you which
half—so the most important thing to learn is how to learn on your own.” (Smith,
2003). Moreover, not only being able to learn lifelong but also to do it effectively, by
setting realistic goals and evaluating one’s outcomes, will help students to become
better healthcare professionals in the long-term. Multiple studies have reported
on benefits associated with adequate self-regulated learning, including enhanced
academic achievement, safer and more effective practice, and obtainment of a
lifelong learning attitude (Langendyk, 2006; Brydges & Butler, 2012; Zimmerman
and Schunk 2013). Self-regulated learning can thus be considered a necessity to all
practicing healthcare professionals who have a societal obligation to continuously
develop their knowledge.

Self-regulated learning is a cyclical process during which a learner plans one’s
activities prior to a task, monitors these during a task, and evaluates the outcome
after a task (Zimmerman, 2002). The cycle of self-regulated learning is guided
by three interrelated components: cognition, metacognition and motivation
(Schraw et al., 2006). While most studies in the medical education context focus
on cognition (Young et al., 2014) and motivation (ten Cate et al., 2011), research
on metacognition is relatively limited.

In the field of social-cognitive sciences, researchers have been studying
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metacognition for several decades. Flavell and others have described three major
components of metacognition, which may inform metacognitive teaching practices
in the classroom (Flavell, 1979; Hartman, 2001; Pintrich, 2002; Zohar & Barzilai,
2013). Firstly, one may explicitly teach students about metacognitive knowledge;
e.g. educators should help students to make accurate judgements of their learning,
so students are aware of what they know and do not know. Secondly, one may
explicitly teach metacognitive skills; e.g. educators should provide students with
effective strategies for learning so students can use them when studying. Thirdly,
one may explicitly teach students about metacognitive experiences; e.g. students’
feelings related to the learning task such as a feeling of puzzlement or an aha-
experience. Metacognitive experiences are often used by learners as heuristic
superficial cues which form the basis for their judgements of learning (Koriat,
1997; de Bruin et al., 2017). For instance, a medical student may judge her/his
chances of making the right diagnosis based on the speed with which this diagnosis
came to mind. However, fast thinking does not necessarily mean that the student’s
response is correct. Rather, comprehension-based cues that are formed by causal
reasoning are more predictive of correct responses (Thiede et al., 2010).

In undergraduate medical education, we are generally unaware whether
and how students use their metacognitive knowledge, skills, and experiences to
regulate their learning. Namely, the current focus of research in medical education
is on investigating self-regulated learning in the clinical context (Berkhout et al.,
2015; van Houten-Schat et al., 2018; Bransen et al., 2019). However, one may
argue that metacognition and self-regulated learning should play an important
role already at the start of a student’s medical training. More research is needed to
investigate undergraduates’ current level of metacognition and their perceptions
on self-regulated learning in the curriculum, in order to develop effective teaching
programs.

In this study, we investigated third-year medical students’ metacognitive
knowledge, skills, and experiences in order to identify the barriers in acquiring
an adequate level of metacognition. To put this into perspective, we also asked
students about their perceptions of self-regulated learning in the medical
curriculum. Ultimately, these findings may support educators in their quest to
effectively teach self-regulated learning.

Methods

Context

This study was conducted at Leiden University Medical Center (LUMC), the
Netherlands. The LUMC offers a six-year medical training program; undergraduate
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years 1-3 are pre-clinical and graduate years 4-6 consist of clerkships. The
Framework for Undergraduate Medical Education in the Netherlands describes
the learning outcomes that medical students should achieve in their training to
effectively meet the standards of health care. One of the learning outcomes is that
undergraduates should possess metacognitive competencies that are necessary
to handle a high level of autonomy (Herwaarden et al., 2009). However, in the
current LUMC curriculum, formal teaching of such skills is limited. This study
was conducted during the third year of the pre-clinical phase. We used this
specific population of third-year students as they are expected to have sufficient
metacognitive competencies in order to be successful in their clerkships that start
after this year.

Participants

During January-April 2019, the first author (MV) approached third-year students
by e-mail. Participants were purposively sampled to ensure all were in their final
year of pre-clinical studies. Additionally, we aimed for a variety in gender that
would reflect the medical student population in the Netherlands (30% male, 70%
female). A total of 11 students participated in the current study. Due to anonymity
we cannot include more potentially identifying information about the participant.
Students gave a verbal consent to the audio-recording before the session and
signed an informed consent form afterwards. They were given a free lunch
worth €7.50 in compensation for their effort. This study was approved by the
Institutional Educational Review Board of the LUMC, reference number: OEC/
ERRB/20181009/1.

Data collection

As little is known about students’ metacognitive competencies and their associated
perceptions of self-regulated learning in the undergraduate medical curriculum, we
designed an explorative qualitative study in which we used a template analysis based
on metacognitive theory (Flavell, 1979; Schraw & Moshman, 1995). Accordingly,
we conducted a thinking aloud procedure followed by a semi-structured interview
to gain insight into students’ metacognitive knowledge, skills and experiences.
Also, during the interview participants shared their perceptions of self-regulated
learning in the medical curriculum. The first author (MV) was present during the
thinking aloud sessions and conducted the interviews afterwards.

The thinking aloud assignment and interviews were audio-recorded and
transcribed verbatim by the first author (MV). At the start of the assignment,
participants were asked to think aloud while solving four exercises on medical
physiology. These exercises were designed by an expert physiologist (PS) and
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aimed to activate participants’ scientific reasoning and conceptual thinking.
Factual knowledge was presented on an information sheet, so students mainly
had to focus on application and integration of the information. After each exercise,
students were prompted to evaluate their conclusions by asking how sure they
were of their provided answer. If participants were silent for more than three
seconds, they were asked to continue to think aloud. Prior to the physiology
questions, participants received two practice questions to practice thinking aloud.

The thinking aloud procedure was also used as a prompt for the subsequent
semi-structured interview. The interview guide was developed by MV, GB, BO and
MW (see Supplementary M). The interview guide was designed and structured
based on theoretical concepts of metacognition (Flavell, 1979; Schraw &
Moshman, 1995; Pintrich, 2002; Zimmerman, 2002; Zohar & Barzilai, 2013). This
guide included questions about goal-setting, learning strategies, and reflective
activities. Other issues that were pursued during the interview concerned
participants’ perceptions of self-regulated learning in the medical curriculum.
These questions focused on the value of knowing what you do (not) know and how
learning activities could enhance this. Each session, consisting of a thinking aloud
procedure and interview, lasted on average 45 minutes. Saturation was reached
after eight interviews, after which we conducted three additional interviews to see
if saturation was indeed reached.

Data analysis

Data analysis and collection proceeded in an iterative fashion. The data was coded,
analysed and interpreted by MV, GB and MW using template analysis (Brooks et
al., 2015), allowing a-priori themes to be used in developing the initial version of a
coding template. Metacognitive theory was used to construct the initial template.
MYV and GB performed open coding on transcripts 1-3 independently. These
codes were used to inform the first template. After these three transcripts this
process of cross-checking coding, codes and template continued until consensus
was reached. As the number of interviews grew, we kept refining the conceptual
coding template. The coding template was compared and discussed by MV and GB
throughout the data collection period. MV used the template to code transcripts
4-5 and 7-11, continuously refining the template by discussing the findings with
GB. Transcript 6 was independently coded by GB. Further refinement of the
template through collaborative analysis among the research team led to template
consensus (see Supplementary N).

Reflexivity

The team consisted of researchers with varied backgrounds and expertise in
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qualitative research to facilitate interpretation of our findings using multiple
perspectives. The first author (MV) is a PhD candidate in medical education with
a background in neurobiology and has a particular interest in metacognition and
conceptual thinking. All other authors are active in the field of medical education
research and have different backgrounds, including medical anthropology and
sociology (GB), pedagogical sciences (BO), educational sciences (MW), medicine
(AJdB) and physics (PS).

Results

Whereas students were mainly concerned with obtaining a good score, i.e.
their cognitive performance, we focused on investigating their metacognitive
performance. Firstly, we identified the metacognitive skills that students displayed
during problem-solving. With our template we were able to identify if difficulties
occurred for specific subtypes of metacognitive skills.

Planning

Planning occurs prior to the problem-solving process and includes setting goals,
selecting appropriate strategies, making predictions, strategy sequences and
allocating resources (Schraw & Moshman, 1995). All these themes were found in
this study. During the thinking aloud assignment, some students showed planning
behaviour by creating an overview of the important characteristics of the exercise,
either by highlighting, summarising or visualising. In the interview, students
would often recognise their ability to create overview.

“Well, I think I am good at creating an overview. I will not start problem
solving before creating an overview. Generally, I write down all the
information and highlight the important information to clarify things
before I start problem-solving.” (P9)

Furthermore, some students specified that their strategy is to first identify the
problem, before doing anything else. However, this was rarely done explicitly
during the thinking aloud assignment.
“Usually, I read the questions first and quickly after that I move on to what
is really been asked from me, before reading all the text. However, I did

not really do it now [during the exercise].” (P3)

Generally, little time was devoted to planning prior to problem-solving. For
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instance, explicit goal-setting beforehand by identifying the exact problem and
allocation of resources that students would need to solve the question was not
observed. Additionally, students would sometimes miss out on information to
solve the question because they did not accurately record which information they
had at their disposal.

Monitoring

Monitoring is the online awareness of comprehension and performance and
thus takes place during the actual problem-solving (Schraw & Moshman, 1995).
Students used various forms of monitoring, i.e. strategies, during the thinking
aloud assignment. Regularly used strategies included rereading, goal-checking,
visualising the situation, and eliminating answer options to get to the correct
solution. Students rarely switched between different strategies. Generally, they
started to use a different approach only when their initial outcome did not align with
one of the answer options. Some students admitted that they did not consciously
use specific metacognitive strategies during the thinking aloud assignment.

“I do not really have specific strategies, that I think wow, I should do this
or that. I use the strategy to sometimes just read it again. And sometimes
you will encounter things during the test that may help you. So yes..
basically like that.” (P9)

A large variety in awareness of student’s strategy use was found. The excerpt
illustrates one end of a spectrum, which encompassed students who did not use
any specific strategies at all and were unable to come up with potential strategies
they might have used. At the other end of the spectrum were students who were
clearly aware of their strengths and weaknesses, and used specific strategies
to solve the questions. In the middle of the spectrum, there were students who
admitted that, although they knew they should use certain strategies to solve the
questions, they did not use them during the task.

The majority of students admitted that they found the questions rather difficult, as
they found analytical thinking difficult.

“I think we are trained in medical school to learn factual knowledge, and
this [exercise] is a different skill than learning facts, or connecting facts,
so... this is really a different skill, so I think that is always difficult, but it
requires quite some brainpower.” (P2)
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In general, students felt that analytical reasoning is a competency which is not
actively taught during medical training.

Evaluation

Evaluation refers to appraising the outcomes and regulatory processes after
problem-solving. This includes, for example, evaluating one’s goals and conclusions
(Schraw & Moshman, 1995). During the thinking aloud assignment, few students
evaluated their goals and conclusions after marking one of the answer options. We
prompted the students to evaluate by asking how sure they were of their provided
answer. Despite this prompt, students spent little time evaluating their answers.
Most students would answer the question ‘How confident are you that your given
answer is correct?’ without explicitly elaborating on their feeling of confidence or
without checking their answer. During the interviews, most students described
that a ‘feeling of logic’ would determine their level of comprehension.

“Yes, if my feelings tell me that it [the answer] is not right but according
to the formula it would be right, then I think, this is not right so I will
doubt. Like, when it is not in accordance with each other, and if I cannot
solve it with the formula and with my feelings, then I am not sure.” (P6)

Other cues for comprehension included; time spent on task, familiarity with the
learning material, and the ease of reasoning.

“I always notice that the longer I think about it, the more I start doubting.”
(PD

“Yes, but you also think I really have known this [learning material]. I have
really studied this and known this. I didn’t know then if I was good at it,
but yeah.” (P2)

“I am sure when; this is how I reasoned and then I get to the right answer,
then this seems the right answer to me.” (P5)

Interestingly, the feeling of logic and familiarity with the learning material were
often mentioned, whereas these cues generally are not good predictors for the
level of comprehension (Thiede et al., 2010; de Bruin et al., 2017). Rather, the
ease of reasoning is well associated with one’s actual level of comprehension but
this cue was mentioned to a much lesser extent.
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Perceptions on self-regulated learning in the medical curriculum

During the interviews, the thinking aloud data was enriched by asking students
to reflect on the role of ‘knowing what you (do not) know’ in the curriculum.
Students said they valued the ability to accurately estimate their knowledge and
skills so they know what they are (not yet) competent at. Most students outsourced
this ability to external assessment tools. For example, they would mention both
formative and summative exams, study assignments, and e-learnings as tools to
estimate their level of knowledge or skills.

“Yes, you have mostly study assignments and practice exams of course
which have a diagnostic value in terms of what knowledge you actually
already possess.” (P8)

A few students described the ability to accurately estimate one’s knowledge as an
internal, personal ability that could be developed by specific strategies, such as
self-explaining, explaining to a peer, and consulting a teacher or other sources.
The word ‘reflection’ was rarely mentioned, and if it was, students indicated that
focus on this competency during their medical training was insufficient.

“But at such a meta level not really I think. That we really reflect on
ourselves in terms of how well we understand something? How well do
we understand exercises, or how well do we understand how we have to
handle knowledge and things. I think that should be an essential component
of an educational program, especially of an academic education.. There
is not enough attention paid to it [reflection] I think. We have to write
reflection reports but you might as well just fill in three words, because
the teacher is OK with it anyway. Yes, it is mainly just a fill in assignment,
and not really that you, as a student, will take a look at yourself thinking
what can I do better. And if you would take that maybe a little bit more
seriously, also looking [as a teacher] what he [the student] actually does
with it [the feedback], because that is being forgotten most of the time.”
(P8)

Students are in search of ‘hard outcome measures’, i.e. numbers, as they mention
that they would appreciate having more insight into the status of their competences.

“Uh... with those competences, so competency-based education, really

the practice-based education, I would have to admit that I find it really
difficult to monitor my progress and how I have developed myself. That
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of course is one of the subjects during the teacher-coach conversations,
but it is not very tangible. How good of a communicator, how good of a
team player have I become during the last three years? I do not really have
a clue, and I do not have any numbers either.” (P7)

All students offered ideas in response to one of the questions on how we could
enhance one’s insight into one’s learning during the medical curriculum. Students
mostly mentioned that having more of the currently existing assessment tools, e.g.
low-stakes exams, study assignments and e-learnings, would provide more insight
in one’s knowledge deficiencies.

“But maybe if, for example, the self-study assignments or e-learning
assignment are designed like the exam, it would be.. but, then your
learning is very exam-oriented maybe.” (P2)

A few students elaborated on the benefits of intensifying feedback and reflection
to facilitate personal continuous development.

“Well, actually we were talking about this yesterday in an educational
committee. Longitudinal assessment and improving yourself and such...
that more attention should be paid to that. And that you maybe can ask the
students themselves or assess if.. are they willing to improve themselves?”
(P8)

Finally, some students mentioned that medical education is solely about learning
medical facts.

“To me, what I am learning is mostly about learning facts, and that is
what’s assessed really... I am not looking for any help [in learning facts],
because it’s things that I know or do not know. I don’t think that anyone
can help me to better learn things by heart, because I, that is one of my
strengths, that I am good at learning things by heart. So, I don’t really
need help with that and I think that during my education that [learning
facts] is what I mainly do for an exam, and in that sense, to a lesser extent
understanding the material.” (P7)

As illustrated by this excerpt, students felt that learning facts does not require any

monitoring, e.g. help-seeking, indicating that developing metacognitive skills may
not be necessary to succeed in medical school.
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Discussion

Our study provided insight in medical students’ metacognitive knowledge, skills
and experiences. Additionally, we obtained students’ perceptions on self-regulated
learning in the medical curriculum.

Regarding metacognitive skills, students used various ways to monitor their
learning process while problem-solving. For example, they visualised the situation
to make the problem less abstract. Contrary to monitoring, less time was spent
on planning and evaluating. Previous research on metacognitive skills in clinical
reasoning also showed that students performed monitoring, but that planning
occurred to a much lesser extent (Artino et al., 2014). Planning and evaluation are
strong predictors of academic performance (Murad et al., 2010; Patel et al., 2015;
GandomkKkar et al., 2016). Importantly, these skills are modifiable and teachable,
rather than fixed traits (Zimmerman, 2000). Tanner has provided examples of
self-questions that learners may ask in training their metacognitive skills, either
on the level of an assignment, a single class session, an exam, or a full course
(Tanner, 2012). These questions are not only helpful for learners, but also serve
as a tool for educators who aim to address metacognitive skills explicitly in their
classrooms.

Regarding metacognitive knowledge, a large variety in awareness about one’s
learning process was found. For those students with little metacognitive knowledge
about types of skills or how to use them, there is a need to teach this explicitly
(Pintrich, 2002; Tanner, 2012). This includes teaching various strategies, various
cognitive tasks, and accurate knowledge about themselves. Moreover, educators
should be aware of students’ prior knowledge about a subject before teaching
them new information. For example, preassessments may be very valuable tools
in encouraging students to examine their level of knowledge, and for educators as
a diagnostic tool to gain insight in students’ understanding (Versteeg et al., 2019).
Educators should take responsibility, especially since we know from literature
that students themselves are rather poor judges of their actual knowledge and
competencies (Thiede et al., 2003; Versteeg et al., 2019).

Regarding metacognitive experiences, most students estimated their
performance based on a feeling of logic or a feeling of familiarity, and to a lesser
extent on the ease of reasoning. The first two can be referred to as surface-related
cues that operate automatically and unconsciously, and which are generally
unreliable as predictive cues for performance (Koriat, 1997; Thiede et al., 2010).
Importantly, learners can be trained to effectively use predictive cues such as
comprehension-based cues, e.g. ease of reasoning (Begg et al., 1989; Koriat,
1997). Various examples of training methods include, generating key words
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or summaries in case of learning factual knowledge, and completing diagrams
in case of conceptual knowledge (Thiede & Anderson, 2003; van Loon et al.,
2014). Teaching students explicitly to recognise and generate predictive cues in
the classroom may eventually lead to enhancing predictive cue use during self-
regulated learning outside of the classroom (de Bruin et al., 2017).

Facing the facts

During their medical training, students continuously have to prove themselves,
resulting in their learning being driven by assessments (Wormald et al., 2009;
Boulet & Durning, 2019). Our research confirms this as students describe the
value they assign to assessment outcomes. They feel that assessments are the main
indicators for performance. Regarding competency-based education specifically,
students felt they have no insight in their level of competency as they cannot fall
back on any numerical indicator of performance. The impact of assessments on
medical students’ motivation to study is profound and often leads to a surface
approach to learning (Marton & Sllji, 1976; Wormald et al., 2009; Cilliers, 2015).
This surface approach is characterised, for example, by students’ aim to memorise
facts (Ramsden, 2003). Notably, our students underlined this statement by
describing that the focus in undergraduate medical training is on learning factual
knowledge. They felt this approach to learning comes at the cost of their reasoning
abilities. Even clinical ‘reasoning’ is described by some students as a process of
pattern recognition during which one has to merely recall factual knowledge. The
medical education community has already suggested that one of the solutions to
establish deep-learning might entail more integration of basic science and clinical
learning, which would meet the students’ needs for conceptual knowledge to
better understand medical concepts (Kulasegaram et al., 2013). Additionally,
since assessment drives learning, educators and faculty should better align
assessments with the skill sets required for practice. Currently, there is a trend
towards integrated longitudinal assessment programmes that facilitate a more
continuous evaluation of student abilities, and which aim to produce competent
lifelong learners. Moreover, we may consider rewarding students’ metacognitive
performances, such as their use of reflective journals (Tanner, 2012).

“The point at which students have both learned metacognitive skills and
have become aware of when to apply these strategies is hypothetically the
point at which they have matured into lifelong learners within their

disciplines.” (Tanner, 2012).

Defining the necessary competencies allows for the integration of meaningful
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assessments in medical education that help our students to become lifelong
learning health professionals (Schuwirth & van der Vleuten, 2012; Boulet &
Durning, 2019).

Strengths and limitations

A strength of our study lies in combining the thinking aloud assignment with
an interview session. This approach allowed us to better grasp all three facets
of students’ metacognitive performance. It also functioned well as a prompt for
students’ thoughts about self-regulated learning on the curriculum level.

Some limitations must be taken into consideration. First, the study was
conducted in a non-authentic setting, meaning that contextual factors from a
real environment which may influence learning behaviour and performance
were excluded. Second, metacognitive skills were measured without explicitly
asking our students about these skills during the task. This is contrary to the use
of microanalyses which are defined as “structured interview approaches that
involve administering context-specific questions targeting multiple cyclical phase
processes as trainees engage in authentic activities” (Cleary et al., 2016). These
microanalyses are often used to measure self-regulated learning processes and
prompt students to focus on strategic steps during problem-solving (Artino et
al., 2014). However, such prompts may trigger students’ awareness and induce
‘artificial’ use of metacognitive skills as they may not have used these skills in
a non-prompted setting. Therefore, we feel that our approach leads to a more
accurate image of students’ use of metacognitive skills.

Our study was performed among final year pre-clinical medical students in
one Dutch University. Despite this specific context, we feel that our findings are
transferable within the Dutch educational context as all Dutch medical programs
are based on the same blueprint as developed by the Dutch Federation of
University Medical Centers (Herwaarden et al., 2009). Additionally, part of the
context is transferable to the medical education community as a whole, since
medical education programs worldwide consist of a preclinical and clinical phase.

Conclusion

This study revealed that medical students are in need of explicit training of
metacognitive skills to facilitate self-regulated learning. This includes planning,
monitoring and evaluation skills. Moreover, our findings showed that the level
of metacognitive knowledge and metacognitive experiences highly varied among
students. Educators and faculty should aim to integrate metacognition in the
everyday discourse of the classroom to foster an environment in which students
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discuss their own cognition and learning. This includes the use of novel assessment
strategies that drive both cognitive and metacognitive learning in order to develop
metacognitive habits of mind and stimulate lifelong learning.
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GENERAL DISCUSSION

-Purpose -

Researchers and policymakers have acknowledged the need for evidence-
informed curricula to support effective health professions education. Linking brain
research to education research contributes to the development of such curricula
by informing us on the science of learning. Namely, the brain influences learning,
and learning influences the brain. This interplay between the brain and learning,
also referred to as educational neuroscience, lies at the heart of the studies in this
thesis.

The educational neuroscience-inspired research in this thesis focuses on three
specific learning processes: spaced learning, concept learning, and metacognitive
learning. Together, these learning processes are considered relevant as they are
closely related to the fundaments of Bloom’s Taxonomy for establishing educational
goals and to the educational goals of health professions’ curricula.

The overall aim of this thesis is to improve health professions education by
investigating spaced learning, concept learning and metacognitive learning
using an educational neuroscience-inspired approach. This general discussion
chapter elaborates on how this aim has been fulfilled. First, I provide the main
findings for each learning process, including the implications for research and
practice. Second, I provide my reflections on the methodology. Third, I discuss
the way forward by addressing the potential of educational neuroscience-inspired
research.

- Spaced learning: Finding the right time to learn -

“Learning that is easy is like writing in sand, here today and gone tomorrow.” - P. Brown.

By performing a scoping review, we discovered that spaced learning is finding its
way to health professions education, although this mainly occurred over the last
ten years (Chapter 2). This implies that the spacing effect, which dates back to
1885, needed more than a hundred years to transfer from cognitive psychology
in order to make a substantial contribution to the health professions education
literature (Ebbinghaus, 1885). Recent implementation might be a result of an
increasing interest in online learning tools by early adopters (Rogers, 2003).
These early adopters value the trialability attribute of innovations, resulting
in a focus on improving educational practices and less on advancing theory or
knowledge. Indeed, the majority of spaced learning literature in our community
focuses on online settings. Perhaps this idea about early adopters also explains
our finding that current definitions and applications of spaced learning often lack
the necessary detail to support implementation or replication. Consequently,
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we suggest that researchers - including early adopters - should base their studies on
previous empirical research or theory to facilitate implementation and replication.

As an example, we designed a study in which the spacing format was based on
neuroscientific theory (Chapter 3). Although our theory-informed spacing format
did not enhance knowledge retention in medical students, we provided an informed
and detailed study design that can still be used as a to-be-adjusted template by future
researchers. Additionally, we implemented our format within a lecture setting, whereas
most spaced learning research is conducted in online settings and simulation training.
Our study may encourage researchers and educators to experiment with spaced
learning in different educational settings, such as lectures or working groups.

We also learned an important lesson regarding the translation of a neuroscientific
hypothesis to an educational environment: to carefully take into account the complexity
of the environment. For instance, there are various ways to incorporate units of
repetition in an educational setting, e.g. summaries or quizzes, whereas neuroscientific
experiments always use an identical repetition mode, i.e. “high-frequency stimuli”
(Smolen et al., 2016). Moreover, we used summaries as our repetition mode which
can be classified as passive repetition, whereas the positive effect of spaced learning on
knowledge retention may occur only when repetition is more actively practiced, such
as with quizzes (Roediger & Butler, 2011).

To conclude, spaced learning research is need of clearly described applications to
facilitate implementation and replication. While studying these applications, one should
take into account - and be specific about - the characteristics of the study environment
in order to determine if findings can be generalizable across educational contexts.

Practice points for researchers

> Use a clear definition of spaced learning in describing your research in order
to stimulate consistent application.

> Describe the study design thoroughly, using empirical research and/or theory.

> Experiment with spacing formats using different interstudy intervals, retention
gaps, and forms of (active) repetition.

Practice points for educators and policymakers

> Further expand on the use of spaced learning in online settings and simulation
settings, aiming to find optimal spacing formats.

> Start implementing spaced learning in different settings such as lectures or
working groups, and evaluate the effects in your educational context.
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- Concept learning: Know your misconceptions
“Nothing is more dangerous for a new truth than an old misconception.”- J. von Goethe.

We demonstrated that medical students have various misconceptions that hamper
their understanding of physiological cardiovascular concepts such as ‘pressure’,
‘flow’, and ‘resistance’ (Chapter 4). Misconceptions are robust incorrect scientific
beliefs that are difficult to alleviate as learners are generally unaware of their
own misconceptions even after taking corresponding university classes (Chi
et al., 1994a; Palizvan et al., 2013). With the help of educational theories on
concept learning, we were able to categorise the misconceptions found in our
study. This categorization may serve as a tool for educators to more precisely
pinpoint misconceptions in their students and develop more effective instructions
accordingly.

To know what such an instruction should entail, we investigated the
underlying mechanism of (mis)understanding scientific concepts (Chapter 5).
By measuring students’ brain activity using functional magnetic resonance
imaging, we found significant activation of the putamen in misunderstanders
(holding a misconception) compared with understanders (holding the scientific
conception). This finding suggests a role for episodic memory in students holding
a misconception. Although it is a long way from brain imaging to the development
of instructional designs for educational practice (Howard-Jones et al., 2016),
our findings may provide directions for concept learning in health professions
education and other scientific disciplines. Based on the brain activity we found
in the putamen, we support previous recommendations that focus on the crucial
role of prior knowledge in teaching scientific concepts (Hewson & Hewson, 1983).
Namely, a learner’s understanding is facilitated by adding new information to an
existing mental model or schema in the brain, which comprises relevant prior
knowledge a learner has already obtained (Alba & Hasher, 1983). Cognitive
neuroscientists have shown that new information can be added to schemas, i.e.
stable neural networks, faster when this information fits the prior knowledge
(Van Kesteren et al.,, 2012). Thus, when a learner’s schema encompasses a
misconception, it may be difficult for educators to teach the scientific conception
using traditional teaching methods. Instructional designs for concept learning
should therefore aim to disclose students’ prior knowledge and assumptions about
the concept of interest.

An instructional design named peer instruction has demonstrated to facilitate
conceptual understanding, potentially by disclosing students’ prior knowledge
(Chapter 6). Peer instruction is a method that includes questions and subsequent
discussion among peers (Mazur, 1997). The questions may activate students’
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prior knowledge which they then make explicit to each other during the peer
discussion. This mechanism may be effective not only for peer instruction, but
also for other forms of interactive learning (Chi & Wylie, 2014). An interesting
finding derived from this study is that even two initially incorrect peers can get to
a correct answer together. This finding is in accordance with current literature
and supports the idea of making one’s thoughts explicit to another learner or the
teacher, even if these thoughts are incorrect (Smith et al., 2009).

To conclude, students often have an inadequate level of conceptual
understanding and educators may pinpoint students’ misconceptions more easily
by using categories. Additionally, both students and educators should acknowledge
the importance of prior knowledge, and make this explicit, for example through
interactive strategies. For peer instruction specifically, future research may take
a qualitative approach which can provide additional insight in the reasoning
processes of students and other valuable aspects of interactive instructional
designs.

Practice points for researchers

> Investigate the origins of misconceptions and misunderstandings in your
discipline to direct educators towards the challenges in concept learning.

> Explore the underlying mechanisms of concept learning to advance
knowledge on how conceptual understanding comes about.

> Use qualitative approaches to uncover the working mechanisms of interactive
learning strategies and the role of prior knowledge in concept learning.

Practice points for educators and policymakers

> Identify misunderstandings and misconceptions in your teaching - either
empirically or by using literature/databases - and make them explicit.

> Aim to disclose students’ prior knowledge and assumptions.

> Try interactive strategies such as peer instruction to improve students’
conceptual understanding.
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-Metacognitive learning: Comfortably confident? -

“Learning how to learn cannot be left to students. It must be taught.” - M. Gall

Across multiple studies, we found that students show difficulty estimating what
they do (not) know, regarding conceptual knowledge specifically (Chapter 7, 8, 9).
The ability to estimate one’s knowledge after performing a task or test is referred
to as metacognitive evaluation (Zohar & Barzilai, 2013). We found that the
multitier approach is an effective tool to obtain insight into students’ metacognitive
evaluation ability (Chapter 8). Students took a multitier assessment in which a
multiple choice question is paired with a confidence tier, i.e. 5-point Likert-scale
(Chapter 7), as an indicator for students’ self-perceived knowledge. Although it
is difficult to translate confidence to a numerical value, assessing confidence via
the multitier approach appears an easy and effective way to diagnose students’
knowledge deficiencies. This is informative for both students and educators, since
knowing that the level of conceptual understanding is insufficient is necessary for
choosing to further study or teach this concept.

Besides a diagnostic tool, we also developed refutation texts as an intervention
aimed at enhancing students’ metacognitive evaluation ability, and conceptual
understanding accordingly (Chapter 9). A refutation text undermines a
learner’s misconception by explicitly debunking it (Tippett, 2010). Although the
refutation texts in our study did not significantly improve students’ cognition
and metacognition, they provide an example of an intervention that is focused
on enhancing metacognitive learning. Such interventions directed at improving
metacognitive competencies are important to develop in health professions
education, as they play a crucial part in the path towards an accurate conceptual
understanding.

The studies in Chapters 7, 8 and 9 all raised similar questions: Why are students’
estimations of what they do (not) know inaccurate? Can this be attributed to
inadequate metacognitive competencies additional to metacognitive evaluation? To
answer these questions, we qualitatively explored the metacognitive competencies
of medical students as they completed a conceptual learning task (Chapter 10).
We found that students differed in their use of metacognitive skills, with an overall
focus on monitoring and to a lesser extent on planning and evaluation. Although
self-regulation, including metacognitive learning, is recognised by the medical
education community as an important prerequisite for effective learning (Sandars
& Cleary, 2011), it is a common incorrect assumption that such a skill is implicitly
acquired (Bjork et al., 2013). Researchers have suggested that medical schools
should specifically emphasise self-regulated learning, since development of self-
regulation is a shared responsibility between both students and educators (Sandars
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& Cleary, 2011). Based on our findings, we suggest they may focus on the use of
planning and evaluation skills of students. Tanner (2012) has provided examples of
self-questions that learners may ask in training their metacognitive skills, either on
the level of an assignment, a single class session, an exam, or a full course. These
questions are not only helpful for students, but also serve as a tool for educators
who aim to address metacognitive skills explicitly in their classrooms.

It was worrisome to hear that some medical students felt no need for
developing such metacognitive skills as they perceived medical education as an
exercise in memorising facts. This remark calls for a medical curriculum reform
in which more emphasis is laid on understanding, applying, analyzing, evaluating,
and creating knowledge instead of remembering knowledge. Such a reform may
enhance medical students’ higher-order thinking skills and stimulate a lifelong
attitude among our future doctors.

To conclude, educators may use various methods, e.g. multitier assessments
and refutation texts, to facilitate (their insight in) students’ metacognitive
learning. Taking into account the metacognitive facets of learning - and teaching
them to students explicitly - may help to enhance students’ understanding of the
subject matter. For our future medical doctors specifically, we may consider an
undergraduate curriculum reform in order to facilitate a lifelong learning attitude.

Practice points for researchers

> Take into account the metacognitive facets of learning when investigating
conceptual understanding.

> Gain insight in students’ metacognitive competencies and development
thereof in their medical training, especially in the undergraduate curriculum.

Practice points for educators and policymakers

> Implement a multitier diagnostic test to gain more insight in students’ level of
knowledge and to pinpoint misconceptions.

> Integrate metacognition in the everyday discourse of the classroom to
foster a metacognitive habit of mind, for instance by examining students’
metacognitive evaluation or by using self-questions.

> Consider an undergraduate medical curriculum reform that is aimed at
challenging students to develop their higher-order thinking skills and lifelong
learning attitude.
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- Reflections on the methodology
“The only people who see the whole picture are the ones who step out of the frame.”
- S. Rushdie

Awareness of the overall strengths and limitations of this thesis is essential to
value its results. This reflection is additional to the strengths and limitations of
each study described in the individual chapters.

The overall methodological rigor is reflected in the use of different methods.
Qualitative research methods were used to enrich quantitative research findings
and vice versa. Furthermore, most studies were incorporated in authentic
educational settings. This allowed us to investigate instructional designs that could
be implemented relatively easy in the medical school curriculum if they were
found to be effective. A limitation of this approach is that some of our studies were
restricted by logistics related to the curriculum, such as time on task during the
experiments.

In this thesis, I used critical realism as the philosophical grounding of our
studies. I feel comfortably confident when arguing that critical realism is a suitable
paradigm for research related to educational neuroscience. Critical realism
allowed us to acknowledge the importance of both the natural and the social
world (Collier, 1994). This is desirable for educational neuroscience-inspired
research as its interdisciplinary nature requires a paradigm that goes beyond
the philosophies of education sciences, psychology and neuroscience (Flobakk,
2015). No pre-dominance is given to outcomes from natural sciences or social
sciences. For instance, contextual factors were discussed in our scoping review on
spaced learning, as well as the potential influence of neuroscientific evidence on
the development of new spaced learning formats. In all our studies, we aimed to
continuously balance between the relevance of both natural and social factors and
how these related to our research design and outcomes.

Critical realism also allowed us to use different methods to investigate different
aspects of reality. This is illustrated by this thesis, which includes a variety of
qualitative and quantitative methods, i.e. experiments, correlational methods,
functional magnetic resonance imaging, semi-structured interviews, thinking
aloud, and conventional content analysis. For future researchers, I would like
to emphasise the value of using qualitative methods conjoined with quantitative
methods, despite the fact that ontologically, the critical realist view on reality
is post-positivistic. Some argue that a post-positivistic ontology does not allow
for qualitative methods to be used. For example, Gill (2011) states that “one key
assumption of qualitative research is that there is not one truth, but multiple
truths.” This is often linked to the interpretivist epistemology saying that “the job
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of qualitative researchers... is to acknowledge and report these different realities
by relying on the voices and interpretations of the participants through extensive
quotes, presenting themes that reflect the words and actions of participants,
and advancing evidence of different perspectives on each theme.” (Wiltshire,
2018). Contrastingly, critical realists argue that qualitative research may be
conducted in order to find the truth, by studying how individual experiences
are made manifest by social conditions that are real and existing. Contexts can
provide insight into generative mechanisms that may explain certain causalities
(Sayer, 1992). As Maxwell (2012) writes, “while critical realism rejects the idea
of ‘multiple realities’, in the sense of independent and incommensurable worlds
that are socially constructed by different individuals or societies, it is quite
compatible with the idea that there are different valid perspectives on reality.”
Regarding qualitative methods, this claim permits researchers to move beyond
an emphasis on subjective, interpreted experiences and towards uncovering how
social relations generate such experiences.

- Educational neuroscience as a guiding principle -
“If the human brain were so simple that we could understand it, we would be so simple that
we couldn’t.” - E. Pugh

The overall aim of this thesis was to improve health professions education by
investigating spaced learning, concept learning and metacognitive learning using
an educational neuroscience-inspired approach. Here, I elaborate specifically on
the potential of educational neuroscience.

Our studies illustrate that cognitive psychology and neuroscience may guide the
development of educational interventions. Examples from cognitive psychology
are: the post-decision wagering method, overt learning theory, and metacognitive
theory. Additionally, neuroscience informed us on the use of spacing formats.
Vice versa, we used educational theories as input for neuroscientific hypotheses
to uncover the mechanisms of concept learning. Our fMRI study is an example of
how educational neuroscience may also be used to answer fundamental research
questions about the science of learning.

Overall, I argue that the value of educational neuroscience-inspired research
lies in the interdisciplinary nature of the field and the open-minded view on
collaborating with other disciplines. Furthermore, educational neuroscience has
an urge to explain underlying mechanisms of behaviour and the field embraces
the importance of flexibility in methods. I believe it is this combination of qualities
that makes educational neuroscience a valuable addition to currently existing
approaches in the health professions education research community.
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Challenges

A researcher may face various challenges that should be taken into account
when conducting educational neuroscience-inspired research. First, one may
encounter criticism regarding the relevance of neuroscience for education. Some
researchers are in favor of a pure psychology approach in order to understand
the effect of education on (learning) behaviour (Bowers, 2016; Dougherty &
Robey, 2018). However, psychological theories infer hidden causal mechanisms to
explain behaviour. These hidden causalities can only be uncovered by studying the
underlying brain mechanisms (Thomas, 2018). It is important to emphasise that
there is value in going beyond behaviour and moving towards an understanding of
the underlying mechanism to improve education, even when behavioural effects
are already known (Thomas et al., 2019b):

“It was known 300 years ago that chewing the bark of the cinchona tree was
effective in alleviating the symptoms of malaria. Via the extended contributions
of the natural sciences, the U.S. Centers for Disease Control and Prevention now
list a range of medicinal treatments for malaria. Understanding mechanisms can
improve something that already works.”

Second, it can be difficult not to overinterpret or misinterpret the research
findings, leading to conclusions that are too strong (de Bruin, 2016). For instance,
it should be considered inappropriate to derive direct implications for teaching
practices based on a fMRI study. Instead, translational research is needed on
various levels such as the classroom and the curriculum, before one can provide
adequate and evidence-informed advice about reforming educational practice.
This includes taking into account contextual and political factors. So, keep in
mind that conducting educational neuroscience-inspired research may not affect
educational practice at first, which does not undermine the quality of the research
itself (Gabrieli, 2016):

“Just as we do not value social neuroscience based on its impact on societal
happiness, we should not value educational neuroscience on its ability to reform
education.”

Third, it is important to be aware of the seductive allure of educational
neuroscience. Various studies have shown that explanations of psychological
phenomena are more satisfying to people when they contain neuroscientific
information, even when this information is irrelevant (Weisberg et al., 2008).
Many underlying reasons have been proposed for this effect. For example,
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neuroscience may be associated with an apparent objectivity of measurements
that are interpreted as more powerful evidence opposed to behavioural research.
Or, neuroscience may depict a mind-brain connection that people implicitly believe
not to exist (Weisberg et al., 2015). Aside from the possible reasons explaining this
effect, the point is that a researcher should be aware that educational neuroscience
is an approach, not a goal in itself to satisfy one’s environment. The quality of
research is not determined by the amount of neuroscience or cognitive psychology
that is put into it. There are many examples of interdisciplinary research within
different educational domains for instance, that are just as valuable: see also our
studies on the multitier approach and refutation texts.

Opportunities

Besides the challenges, I will highlight several opportunities that I see for future
educational neuroscience-inspired approaches in the health professions education
context.

For the researcher

In this thesis, we focused our research on spaced learning, concept learning,
and metacognitive learning respectively. I would encourage researchers to also
consider other topics relevant to health professions education and that may
benefit from an educational neuroscience approach. For instance, neuroscientific
and psychological knowledge on reward and reinforcement may be helpful in
educational research on student motivation and goal orientation. Other interesting
topics to explore include cognitive load, emotion, stress, and visualisation
(Friedlander et al., 2011).

For the educator

Educational neuroscience may help educators to understand and support students’
learning behaviours. More firmly, it has been stated that “when teacher training
doesnotinclude a scientific understanding of learning, this understanding and their
practice suffers.” (Howard-Jones et al., 2016). Interestingly, beneficial learning
effects have been illustrated for learners that were taught about neuroplasticity67.
So, educational neuroscience can support learning directly by teaching about the
learning brain, or indirectly by encouraging teachers to design interventions in
the classroom based on neuroscientific and psychological evidence (Thomas et
al., 2019b).
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For the policymaker

Worldwide, policymakers are enthusiastic when it comes to making evidence-
informed decisions about education based on neuroscientific and psychological
knowledge about learning (Ansari et al., 2012; Tommerdahl, 2010). Neuroscience
is sometimes even perceived as “a remedy for reversing falling standards in
education by crafting an evidence base for education and a new learning of
science.” (Carew & Magsamen, 2010). Hardiman (2012) claims that educational
neuroscience may shift the focus of policymakers from the product of learning
to the process of learning, since educational neuroscience is sharply focused on
how learners learn. However, policymakers should be aware that this process of
learning is highly complex and encompasses neurobiological, cognitive, societal,
pedagogical, interactional en ethical aspects. Therefore, close collaborations
with researchers and educators are desired. The researchers’ and educators’
communities have expertise in educational and social thinking which contributes
to shaping educational goals.
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Doel van dit proefschrift

De kwaliteit van het medisch onderwijs - en daarmee indirect de kwaliteit van
zorg - proberen we continu te verbeteren. Daarom streven we al decennia lang
naar het ontwikkelen van lesmethodes die wetenschappelijk bewezen effectief
zijn. Onderzoekers hebben voorgesteld hierbij te focussen op het leergedrag van
onze studenten, zoals benoemd in Hoofdstuk 1. Wat leren ze en hoe leren ze?

Leren beinvloedt ons brein en ons brein beinvloedt leren. Ondanks deze
vanzelfsprekende relatie tussen het brein en leren, zien we relatief weinig
samenwerking tussen de neurowetenschappen, de cognitieve psychologie en
de onderwijswetenschappen. Met dit proefschrift slaan we de brug tussen deze
wetenschappen om de kwaliteit van het medisch onderwijs naar een hoger
niveau te tillen. We onderzoeken ‘wat’ en ‘hoe’ studenten leren door de kennis
uit de verschillende disciplines te bundelen. Ons doel is om de grenzen tussen de
verschillende wetenschappen te vervagen, zodat we effectief bewezen onderwijs,
betere zorgprofessionals en uiteindelijk betere zorg kunnen bewerkstelligen.

In dit proefschrift doen we onderzoek naar drie soorten leerprocessen die
relevant zijn binnen het medisch onderwijs: spaced learning, concept learning en
metacognitive learning.

Spaced learning

Bij spaced learning worden leersessies verspreid over de tijd en herhaald, waardoor
de leerstof beter beklijft. Ondanks dat neurowetenschappers en psychologen deze
manier van leren steunen, wordt spaced learning nog maar weinig toegepast in de
medische onderwijspraktijk. Gezien medische studenten het moeilijk vinden om
de geleerde kennis in hun opleiding te onthouden, zou spaced learning voor hen
een oplossing kunnen bieden.

Hoofdstuk 2 geeft een literatuuroverzicht van studies die spaced learning hebben
toegepast in het medisch onderwijs. De uitkomsten van ons onderzoek laten zien
dat spaced learning vele uiteenlopende vormen kent. Maar, deze vormen zijn
veelal niet gestoeld op empirisch of wetenschappelijk bewijs. Daarnaast zijn de
toepassingen niet altijd even gedetailleerd beschreven, wat het lastig maakt voor
docenten en onderzoekers om de toepassing te repliceren. Tenslotte zien we dat
spaced learning nu vooral in online onderwijsapplicaties wordt gebruikt. Naar
aanleiding van deze bevinding stellen wij voor om kansen voor spaced learning te
benutten in andere onderwijsvormen, bijvoorbeeld offline onderwijs dat op locatie
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wordt gegeven. Daarbij raden we onderzoekers aan om zich te houden aan een
meer uniforme definitie van spaced learning en om wetenschappelijke literatuur
te gebruiken ter ondersteuning. Dit alles zal helpen om spaced learning optimaal
te integreren in de medische onderwijspraktijk.

Hoofdstuk 3 beschrijft een experiment waarin we spaced learning toepassen
in klassikaal onderwijs. We hebben een traditioneel hoorcollege, waarin een
docent 45 minuten lang vertelt over een onderwerp, omgevormd tot een spaced
hoorcollege. In deze variant wordt de leerstof teruggebracht tot de essentie. Dit
verkorte lesblok wordt door de docent een aantal keer herhaald en tussen de
herhalingen zit telkens een pauze van 10 minuten. De uitkomsten laten zien dat de
docent en studenten overwegend enthousiast zijn over spaced learning. Ondanks
dit enthousiasme, leidt spaced learning niet tot een betere score van studenten op
een geheugentest over de desbetreffende leerstof. Hieruit concluderen wij dat er
meer onderzoek nodig is naar de optimale lengte van leersessies en pauzes om het
onthouden van de leerstof te bevorderen.

Concept learning

Concept learning gaat over het leren begrijpen van doorgaans ingewikkelde,
abstracte medische concepten zoals bloeddruk en vaatweerstand. Onderzoek laat
zien dat het conceptueel begrip onder medische studenten laag is en dat dit lastig te
verbeteren is via de huidige lesmethoden. Omdat er vanuit de neurowetenschappen
en onderwijswetenschappen verschillende opvattingen zijn over het aanleren van
conceptueel begrip, is er nog geen eenduidig antwoord op de vraag hoe we onze
medische studenten dit begrip het beste kunnen bijbrengen.

Hoofdstuk 4 beschrijft hoe het gesteld is met het conceptueel begrip van medische
studenten. We hebben in dit onderzoek de schriftelijke antwoorden van studenten
op medische vraagstukken over bloeddruk, bloedstroom en vaatweerstand
geanalyseerd. We zijn in hun antwoorden op zoek gegaan naar misvattingen en
misconcepties over deze begrippen. Misvattingen zijn denkfouten die relatief
makkelijk zijn op te lossen door studenten zich ervan bewust te maken, denk
bijvoorbeeld aan een rekenfout. Misconcepties zijn incorrecte interpretaties die
niet stroken met de wetenschappelijke visie. Het zijn juist deze misconcepties die
lastig te verhelpen zijn met de huidige onderwijsmethoden. Met dit onderzoek
geven we inzicht in de misvattingen en misconcepties die bestaan onder de
medische studenten, om zo docenten inzicht te geven in de obstakels die studenten
ondervinden bij concept leraning leren en het ontwikkelen van conceptueel begrip.

190



NEDERLANDSE SAMENVATTING

Hoofdstuk 5 beschrijft de bevindingen van onze studie naar de verschillende
opvattingen over concept learning. Waar onderwijswetenschappers zeggen dat
een misconceptie door te leren uiteindelijk vervangen kan worden door het goede
concept, beweren neurowetenschappers dat een misconceptie altijd in de hersenen
zal blijven bestaan, ook als je uiteindelijk de juiste conceptie hebt geleerd. Om
er in dit laatste geval voor te zorgen dat de misconceptie niet tot uiting komt,
beweren neurowetenschappers dat er mechanismen in de hersenen actief zijn die
de misconceptie kunnen “inhiberen”, oftewel remmen, waardoor alleen de goede
conceptie tot uiting komt. Wij onderzoeken deze bewering door de hersenen van
medische studenten met en zonder misconcepties te bestuderen met een MRI
scanner. De uitkomsten van ons onderzoek laten vooralsnog geen aanwijzingen
zien dat remmende mechanismen, zoals beweerd door de neurowetenschappers,
een rol spelen bij misconcepties en concept learning.

Hoofdstuk 6 beschrijft een experiment waarin we medische studenten onderwerpen
aan een lesmethode die concept learning kan stimuleren. Deze methode wordt
peer instruction genoemd, waarbij studenten in tweetallen een conceptuele vraag
bediscussiéren en samen tot een antwoord komen, voordat de vraag klassikaal
besproken wordt. We vergelijken deze lesmethode met self-explanation waarin
studenten individueel nadenken over het antwoord op de vraag en niet onderling
mogen discussiéren. De uitkomsten laten zien dat peer instruction inderdaad
resulteert in meer goede antwoorden dan self-explanation. Interessant is dat zelfs
twee studenten die van te voren allebei zelfstandig de vraag fout beantwoorden,
na peer instruction toch vaak op het goede antwoord uitkomen.

Metacognitive learning

Metacognitive learning gaat over het vergaren van kennis over je eigen denk- en
leerproces. Een voorbeeld is het nadenken over welke leerstrategie je het beste in
kunt zetten in verschillende situaties. Een ander voorbeeld is het herkennen welk
type toets-vraag jou goed ligt en welk type minder en hoe je daarmee omgaat.

Hoofdstuk 7 beschrijft methodes waarmee we bij studenten meten of ze inzicht
hebben in hun eigen kennis. Kunnen ze inschatten wat ze weten, maar ook wat
ze niet weten? De studenten maken een test waarbij ze bij elke vraag aangeven
hoe zeker ze zijn van hun antwoord. Een van de groepen doet dat door een score
van 1 tot 5 aan te kruisen op een schaal (waarbij 5 betekent dat een student bijna
100% zeker is dat zijn/haar antwoord goed is). De andere groep doet dit door
fictieve punten in te zetten op hun antwoord. Dit laatste principe zou volgens de
psychologie een betere maat zijn voor zelfkennis dan het duiden van zekerheid
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via een score van 1 tot 5. Ondanks deze bewering van de psychologen laat onze
uitkomst zien dat de schaal in de onderwijscontext wel degelijk betrouwbaarder
lijkt voor het meten van zelfkennis.

Hoofdstuk 8 beschrijft een methode om het niveau van metacognitie bij studenten
te diagnosticeren. Er wordt gebruik gemaakt van een multi-tier format. Hierbij
wordt er expliciet aan studenten gevraagd naar een antwoord, een uitleg en een
inschatting of hun gegeven antwoord en uitleg juist zijn. Voor het rapporteren van
deze inschatting is de 5-punts schaal gebruikt die eerder in hoofdstuk 7 is getoetst.
Bij onze biomedische studenten zien wij dat er slechts minimale overeenkomst
is tussen de inschatting van de studenten wat zij denken te weten en hoe goed
ze daadwerkelijk scoren op de vragen. Ze hebben dus weinig inzicht in hun
daadwerkelijke begripsniveau.

Hoofdstuk 9 beschrijft een experiment waarin we onderzoeken of een lesmethode,
genaamd refutation texts, het conceptueel begrip van studenten kan bevorderen
door in te spelen op hun zelfkennis. Studenten lezen teksten waarin hun mogelijke
misconcepties expliciet worden genoemd en verworpen. Aansluitend wordt een
correcte uitleg van het concept gegeven. De uitkomsten laten zien dat door het
lezen van refutation texts de scores van de studenten en hun zelfkennis verbeteren.
Echter, het expliciet benoemen en verwerpen van de misconcepties lijkt geen
toegevoegde waarde te hebben.

Hoofdstuk 10 beschrijft een studie waarin we metacognitieve vaardigheden, zoals
plannen en evalueren, in kaart brengen. Hiervoor laten we medische studenten
hardop denken tijdens het oplossen van medische vraagstukken. We zien een
grote verscheidenheid in het gebruik van metacognitieve vaardigheden onder de
studenten. In het algemeen besteden de studenten weinig aandacht aan het plannen
voorafgaand aan het vraagstuk en aan het evalueren na afloop. Daarnaast zien
we dat studenten weinig gebruik maken van effectieve aanwijzingen, zogenoemde
cues, die kunnen helpen bij het inschatten van hun zelfkennis. Bij het bevragen van
studenten over het belang van zelfinzicht in het medisch onderwijs geeft een deel
aan dit als onnodig te beschouwen gezien geneeskundige kennis voor hen vooral
draait om onthouden en minder om begrijpen. Een ander deel geeft aan juist meer
zelfinzicht te willen ontwikkelen over hun kennisniveau en competentieniveau.
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Afsluiting

De studies in dit proefschrift richten zich op leerprocessen en instructiemethoden
in het medisch onderwijs. In Hoofdstuk 11 worden de implicaties van de
resultaten uit dit proefschrift voor de onderwijspraktijk en toekomstig onderzoek
in meer detail besproken. We doen onder andere aanbevelingen voor het
gebruik van bepaalde instructiemethoden en bediscussi€ren het belang van een
metacognitieve mindset in ons onderwijs. Ten slotte laat dit proefschrift zien dat
het samenbrengen van verschillende wetenschapsvelden kan leiden tot innovatief
onderwijskundig onderzoek. Ook crecert de discipline overstijgende aanpak tal
van mogelijkheden voor onderwijsvernieuwing in het medisch onderwijs. Daarbij
vormen de studiemethodes en bevindingen uit dit proefschrift een basis voor
verder onderzoek naar leren en instructie.
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Supplementary A | The used literature search term combinations.

Spaced [ti]

Learning [ti]

Spaced learning [tw]

SUPPLEMENTARY

Health professions
education [tw]

Spaced

Spacing

Retriev*

Repetition*
Recall
Mental

recall
[Mesh]

AND

Learning

Memory

Training

Educat*

OR

Spaced training

Spacing training

Spaced learning

Spacing learning

Spaced interval
training
Spaced interval
learning

Memory training

Spaced retrieval
Spaced retrieving
Retrieval practic*
Mass learning
Massed learning
Spacing effect
Distributed practic*
Spacing efficacy

Spacing practice
sessions

Spacing of learning

Spacing repetition
Spacing and
repetition

Spaced educat*
Spaced test*

Test-enhaned
learning

Testing effect*

AND

Education,
Professional
[Mesh]

Medical educat*®

Professional
educat”*

Teach*

Medical student*

Biomedical
student®

Pharmacy
student*®

Biology student*
Dental student*
Nursing student*
Undergraduate*
Graduat*

Intern*
University
Universities

Resident*

Health
professional*

Within each column all terms are searched with the Boolean operator “OR”.
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Supplementary B | Frequency distribution of research articles on spaced learning included
in this scoping review (N = 120). Articles are sorted by year.
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Supplementary C | Characteristics of included research articles. Except for study location,
characteristics were described for original research articles only (n = 103).

Characteristic No. (%)
Study location

United States 76 (63)
Europe 25 (20)
Canada 8 (7)
Australia 7(6)
Asia 2(2)
South America 2(2)
Study population*

Medical students 38 (32)
Residents 27 (23)
Other healthcare majors 18 (15)
pharmacy, dental, biomedical sciences, health sciences and

prehealthcare

Other healthcare professions 18 (15)

fellows, physician assistants, nurses, flight paramedics, family
doctors, clinicians, program faculty and program directors
Physicians 9(8)

Educational content

Knowledge 74 (72)
factual, conceptual, procedural

Skills 27 (26)
N.A. 4 (4)
Domain

Clinical 66 (64)
Basic sciences 9 (9)
Miscellaneous 28 (27)
Subject

Medical specialties 60 (58)
Guidelines, principles, quality control 11(11)
Anatomy 7(7)
Physiology 5(5)
Molecular biology 3(3)
Dental education 2(2)
Miscellaneous 15 (15)

Teaching, Statistics, Nutrition, Resuscitation, Pain-assessment,
Physical examination, Sex, Cognitive Behaviour Therapy

*Some studies included multiple study populations.
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Supplementary D | Extended overview of spaced learning terms.

Terms used without definitions
Spaced testing

Spaced instruction

Spaced training

Dispersed learning

Distributed learning

Spaced retrieval practice
Spaced studying

Repeated retrieval practice

Terms with single definition | Definitions

Spaced distribution Educational encounters that are repeated over spaced
time intervals.

Repeated practice Practice is distributed over several sessions rather than
massed as a single block of training.

Spaced approach Distribution of a fixed amount of teaching hours over a
longer time period.

Spaced repetition A learning approach that focuses on reviewing content
multiple times over optimized time intervals.

Automated spaced repetition | The observation that it is easier to remember
information when it is studied multiple times over a long
time span, rather than studied once or a few times in a
short time span.

Structured spaced training Spaced training; in which training is undertaken with

breaks.

Interleaved practice to structure the acquisition of multiple learning sets such
that learning alternates between sets.

Distributed training A practice schedule in which periods of training are
interspersed with rest periods.

Distributed method of instead of learning a French word by continuously

learning reading it off a flashcard, one could memorize it over

days or weeks from different sources, for example, by
reading newspapers, perusing restaurant menus, and
hearing it in conversation.

Space repetition learning Providing small modules of information to learners over
time to overcome the normal forgetting that occurs.
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Repeated testing

People learn and retain information better through
repeated exposure. Actively retrieving content during a
test strengthens retention even more.

Distributed study

Break the material up into smaller portions that are
studied over a period of days. A distributed study
strategy is more effective when it includes repetition,
with topics being re-visited, so as to reinforce learning.

Interactive spaced education

Interactive spaced education (ISE) is an online education
system which harnesses the spacing effect, the
psychological finding that educational material which is
repeatedly presented over spaced intervals is learned
and retained more efficiently.

Spaced training

Spaced training involves distributing learning tasks
and skill acquisition practice sessions over a specified
time interval, whereas massed practice occurs over the
course of 1 or 2 intense and content-heavy sessions.

Interval learning

Learning over time. Seeing the presentation of new
materials over time, in bite-sized chunks, and then
seeing them again at a later time, particularly as a test.

Interval training

Learners practice multiple times for shorter periods in
interval training.

Terms with plural
definitions

Definitions

#1 Spaced practice
#2 Spaced practice

Distributing practice over time

Creating a study schedule that spreads study activities
out over time. The same amount of repeated studying
of the same information spaced out over time will lead
to greater retention of that information in the long
run, compared with repeated studying of the same
information for the same amount of time in one study
session.

#1 Spaced learning

#2 Spaced learning

delivery of brief morsels of information repeated over
time intervals, in contrast to massed learning, a bolus of
information delivered all at once without breaks

Spaced learning is based on the temporal pattern of
stimuli for creating long-term memories. It consists of
blocks with highly condensed content that is repeated
three times and interrupted by 10-20 min breaks during
which distractor activities such as physical activity are
performed.
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#3 Spaced learning

#4 Spaced learning

#5 Spaced learning

Learning encounters that are “spaced” and “repeated
over time”’. Spaced learning differs significantly from
other pedagogies because it “‘pushes’ short clinical
casebased scenarios that take less than 5 minutes to
consider to participants’ e-mail or hand-held mobile
device.

Spaced learning fosters retention effects by a careful
adjustment (increasing) of time-intervals between test
repetitions.

The insertion of distinct temporal gaps between learning
episodes. This is in contrast to massed learning, which
refers to learning with little or no time between learning
sessions.

#1 Retrieval practice

#2 Retrieval practice

#3 Retrieval practice

#4 Retrieval practice

#5 Retrieval practice

#6 Retrieval practice

Retrieval practice involves internally recalling previously
learned information as opposed to rereading or
relistening to information that was previously seen or
heard.

Being tested, pimped, or otherwise asked to exhibit
knowledge to which one has been previously exposed.

In retrieval practice, testing is used as a method of
teaching rather than a method of assessment.

Testing. There are greater gains to be realized with
repetition of retrieval practice distributed over longer
intervals and interleaved with demands for recall of
other concepts or skills.

“how” one spends time while learning is relevant to
the learning science strategy, in contrast to “when”
(distributed learning).

Bringing learned information to mind from long-term
memory.

#1 Distributed practice
#2 Distributed practice

#3 Distributed practice

#4 Distributed practice

#5 Distributed practice

200

Practice sessions spaced in time.

Practice is distributed over several sessions rather than
massed as a single block of training.

Scheduled educational sessions of learning and training
interspersed with rest periods. Massed practice refers to
a continuous block of training without rest.

Refers to a schedule where periods of practice are
interspersed with periods of rest.

Study activities with intervals.



#6 Distributed practice

#7 Distributed practice

#8 Distributed practice

#9 Distributed practice

#10 Distributed practice

#11 Distributed practice

#12 Distributed practice

#13 Distributed practice
#14 Distributed practice

#15 Distributed practice

#16 Distributed practice

#17 Distributed practice

#18 Distributed practice

#19 Distributed practice

SUPPLEMENTARY

Distributed practice refers to spacing out ones’ practice
or relearning materials intermittently over time,
whereas massed practice refers to learning materials in
one long session that often occurs immediately prior to a
learning assessment, e.g. cramming.

Practice interspersed with periods of rest.

Content and understanding of concepts is improved
when study is spaced or distributed over a period of
time, compared to cramming or massed practice.

A practice regime in which periods of training are
interspersed with rest periods.

Knowledge or a skill is taught in multiple sessions
separated in time.

Material learnt in brief training workshops decays
quickly over time, whereas repetition on many occasions
ensures greater retention.

Training in multiple sessions with different intervals.
Several training sessions.

Practice sessions being distributed in time with each
session consisting of repeated practice of the exact same
procedure. Distribution of practice can refer both to
distribution of content into several lessons and to practice
sessions being spaced by time, often days or weeks, and is
also termed (time) spaced or interval training.

Learning spread over a period of time. Theoretically,
teaching in small proportions dispersed over time is
better with respect to knowledge and skill retention
compared with massed delivery.

Practice sessions are distributed, either as massed or
regular teaching sessions.

Involving smaller practice sessions with large interspersed
rest periods.

Spacing out of multiple study or practice sessions over an
extended period of time.

Creating a study schedule that spreads study activities
out over time. The same amount of repeated studying
of the same information spaced out over time will lead
to greater retention of that information in the long run,
compared with repeated studying of the same information
for the same amount of time in one study session.

#1 Spaced education

The planned repeating of educational encounters over
time to enhance knowledge retention.
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#2 Spaced education

#3 Spaced education

#4 Spaced education

#5 Spaced education

#6 Spaced education

#7 Spaced education

#8 Spaced education

#9 Spaced education

#10 Spaced education

#11 Spaced education

#12 Spaced education

#13 Spaced education

#14 Spaced education

202

Spaced education involves spaced repetition of question
based educational content, but also includes an adaptive
rescheduling algorithm combined with compelling game
mechanics.

Spaced education is a teaching strategy that delivers
educational content electronically over several weeks or
months (spaced in time) in a case-based or quiz format.

Improved knowledge retention when material is repeated
at spaced intervals.

The spacing effect is based on the idea of repeating
information over spaced intervals of time compared with
complete presentation at one time.

Online learning that has been demonstrated to increase
knowledge retention and impact on behaviour. SE
involves participants receiving short multiple-choice
questions and feedback via e-mail in a repeating pattern
over a number of weeks.

Online educational programs that are structured to take
advantage of the pedagogical benefits of the spacing effect

On-line spaced education programs attempt to improve
knowledge retention by harnessing the pedagogical
merits of the spacing effect.

SPACED education is a novel form of online education
based on the 2 core psychology research findings of
spacing and testing effects.

Online educational programs that are structured to take
advantage of the pedagogical benefits of the ‘spacing
effect’.

Educational programs that are constructed to take
advantage of the pedagogical merits of the spacing effect

The psychologic finding that training or educational
material that is spaced and repeated over time (spaced
distribution) results in greater knowledge acquisition
and retention of content than when the same material is
presented at a single time point (mass distribution).

Educational content delivered in small quantities and
repeated over time, through electronic distribution

A conceptual educational framework that relies on the
delivery of succinct pieces of information related to a
specific content area spaced out over time.



#15 Spaced education

#16 Spaced education

#17 Spaced education

#18 Spaced education

#19 Spaced education
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Involves participants’ receiving short multiple-choice
questions and feedback via e-mail in a repeating pattern
over a number of weeks.

Online educational programs that are structured to take
advantage of the pedagogical benefits of the spacing effect,
in which periodically repeated, educational encounters
lead to improved knowledge attainment and retention
compared with a single “bolus” educational opportunity.

An elearning platform in which “information” is presented
and repeated over spaced intervals and is learned and
retained more effectively.

Educational encounters are spaced and repeated over a
defined period.

A web-based, student-directed learning tool.
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Supplementary E | Retention-test test analyses.

Mean SD
Total score (points) 9.55 3.82
Total score (%) 32.94 13.18
KR-20 alpha 0.74
Question nr. p-value Rir
Question 1 0.00 0.00
Question 2 0.11 0.46
Question 3 0.65 0.20
Question 4 NA NA
Question 5 0.88 0.33
Question 6 0.88 0.17
Question 7 0.61 0.27
Question 8 0.34 0.38
Question 9 0.04 0.16
Question 10 0.07 0.07
Question 11 0.05 0.36
Question 12 0.88 0.22
Question 13 0.28 0.36
Question 14 0.03 0.27
Question 15 0.06 0.11
Question 16 0.36 0.25
Question 17 0.19 0.25
Question 18 0.66 0.27
Question 19 0.52 0.39
Question 20 0.28 0.28
Question 21 0.11 0.40
Question 22 0.05 0.32
Question 23 0.89 0.34
Question 24 0.14 0.24
Question 25 0.36 0.27
Question 26 0.43 0.33
Question 27 0.22 0.07
Question 28 0.04 -0.09
Question 29 0.50 0.30
Question 30 0.25 0.23
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Supplementary F | Information sheet included in the study protocol (Dutch).

BEGRIPPEN en FORMULES

De figuren op dit blad illustreren de begrippen weerstand en compliantie, je krijgt nu een aantal vragen over deze
begrippen. Je mag dit blad bij het beantwoorden van de vragen blijven raadplegen. Gebruik de achterkant als
notitieblad. Je hoeft dit blad niet in te leveren. Neem nu eerst 2 minuten om dit blad nogmaals te bestuderen.

Weerstand karakteriseert de relatie tussen drukval en stroming door een vat (buis).
Drukval is het verschil in druk tussen begin en eind van het vat.

R weerstand

Ap drukval = driving pressure{

o] stroming = flow

Rederait A
| —
R (8] - n- (Lfef) it
high | —
—
arEp, P, Resarvir B { |
" 7
t ’ 1 -
I a a g -
a—» / _—- i
“ s P - 7 daeea-
_t rowd homr - r rubanor
. . ; o o -»
Vasaal (ruba] with reststance B QE(LR)-APE PSR apEn-a

In de medische fysiologie wordt woor druk meestal de eenheid mmHg gebruikt en voor stroming mifs.

De eenheid voor weerstand is dan dus mmHg/(mil/s).

Maar soms worden ook andere eenheden gebruikt, zoals cmH;0 voor druk en Lfmin voor stroming. In dat geval
wordt de eenheid voor weerstand emH;0/{L/min)

NB: weerstand = 1/geleiding ofwel resistance = 1fconductance

Compliantie karakteriseert, samen met het unstressed volume, de relatie tussen druk [transmurale druk) en volume
van een compartiment (ballon).

Transmurale druk is het verschil in druk tussen binnen en buiten het compartiment.

‘Unstressed volume’ is het volume waarmee het compartiment gevuld kan worden, zonder dat de wand opgerekt
wordt en dus zonder dat de druk gaat stijgen (volume bij druk = 0).

C compliantie

A unstressed volume

P druk
v volume
Hezervoir lew — highC >
r ., N gy
Lewered e ;WP :@ =
I dPuiP,-Fy o Vg highVa
C'—d\h’d"
Py .
1
{ P
v -y
Balloen with
complisnce £ ard
unstressed velurme ¥y P (LG V=Vl = [V=Va) [ VaigrL- P

In de medische fysiologie wordt voor druk meestal de eenheid mmHg gebruikt en voor volume (en voor unstressed
volume) ml. De eenheid voor compliantie is dus ml/mmHg.
MB: compliantie = 1/stijfheid = 1/elastantie (dus lage compliantie = hoge stijfheid)
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SUPPLEMENTARY

Supplementary I | Pre-test scores on conceptual problems in seminars 1 and 2. Pre-post
scores were examined separately for all four questions (two concepts in two seminars)
to assess if efficacy of active learning was consistent among these exercises. Average pre
scores are shown for PI and SE groups (left panel). Lowest scores were found for exercise
B,,. The relative change in scores was positive for all exercises in both SE and PI groups,
with higher gains for PI in all cases (right panel). Accordingly, a significant increase of
0.17 was found on exercise B, scores in the second seminar between PI and SE groups
(¢(151)=3.206, p = .023). The highest performance gains for single exercises were observed
in the PI condition, showing the largest increase of 0.52+0.09 for A .
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Supplementary J | Students’ individual scores on conceptual problems before and after
intervention. The conceptual problems consisted of two related questions each yielding 1
point, thus a maximal score of 2. This scheme shows the distribution of total scores pre and
post intervention for all students participating in the protocol. The total scores (0, 1 or 2
points) are indicated in the circles. The white, grey and dark areas indicate, respectively,
students with a pre-test score of 0, 1 or 2 points. The numbers in the bars indicate the
number of students with a specific score. Data for both seminars is depicted separately
to illustrate the difference in difficulty level between the seminars. Seminar 2 had more
students with score 0 and fewer with scores 1 or 2, but similar shifts towards higher scores
post intervention.
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Supplementary K | Multi-tier question (in Dutch) with 3-tiers: Yes/No, Explanation, and
Confidence.

Vraagstuk 2
i paralielle vaten
Een chirurg ziet in het onderbeen van een patiént : vt 1 i abvosrend val
sanvoesrend vat i .
deze vaatstructuur: drie parallelle vaten met een
aanvoerend en een afvoerend vat. De flow door vat 1 cﬁ:b
is het dubbele van de flow door vat 2. e
wal 2
Dan klemt de chirurg het middelste vat af waardoor er |
geen flow meer door dat vat gaat. De chirurg beweert : paralielle vaten
dat de flow door vat 1 nog steeds het dubbele is van ; wid % ehvowesdvet
i H

de flow door vat 2. Je mag aannemen dat de S

diameters van vat 1 envat 2 niet veranderen. %

Heeft de chirurg gelijk?

vatz
o Ja
o Nee
Wat is de beste verklaring of het belangrijkste argument voor je antwoord?
o Omdat de flow verdeling bepaald wordt door de verhouding van de weerstanden
o Omdat de flow via het vat met de laagste weerstand gaat
o Orndat de totale flow constant blijft
o Ormdat de totale weerstand toeneemt en dus de flow in beide vaten evenveel afneemt

Hoe zeker ben je dat je antwoord inclusief verklaring correct is?

o o o o o
Heel onzeker  Vrij onzeker Ik twijfel Vri] zeker Heel zeker
(was gok) (bijna 100%)
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Supplementary L | Refutation text (in Dutch) with a refutation element, correct answer,
and explanation.

Sommige mensen 2eggen dat de flow de weg van de minste weerstand kiest en dat dus de flow die na het
afklemmen niet meer door het middelste vat kan, door vat 1 zal gaan. Dat is niet correct omdat flow niet
via de weg van de minste weerstand gaat, maar zich verdeelt afhankelijk van de weerstanden. Het vat met
de laagste weerstand krijgt de meeste flow, maar ook een vat met een hogere weerstand krijgt flow,

Het juiste antwoord is:

Ja, de chirurg heeft gelijk, omdat de flow verdeling tussen vat 1 en vat 2 bepaald wordt door de verhouding
van de weerstanden (en die Is niet veranderd).

De drukval is voor alle parallelle vaten hetzelfde. Flow is drukvalf/weerstand, dus de verhouding tussen de
flows wordt bepaald door de verhouding tussen de weerstanden: het vat met de laagste weerstand krijgt
de meeste flow. Omdat vooraf de flow in vat 1 het dubbele is van de flow door vat 2 is dus blijkbaar de
weerstand van vat 1 de helft van de weerstand van vat 2. Nadat het middelste vat is afgeklemd verandert
wellicht de drukval, maar deze is wel nog steeds voor alle parallelle vaten gelijk. De weerstanden van vat 1
en 2 blijven hetzelfde, dus ook hun verhouding. En dus gaat er nog steeds tweemaal zoveel flow door vat 1
als door vat 2.

Wellicht neemt de flow door vat 1 toe, maar dat is dan ook voor vat 2 het geval. Echter de toename in vat 2
is maar de helft van de toename in vat 1, omdat de weerstand van vat 2 tweemaal zo hoog is als van vat 1.
Hoewel dus beide flows kunnen veranderen, blijft de verhouding tussen de twee flows hetzelfde.
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Supplementary M | Interview guide.

Evaluating the thinking aloud assignments

What was your experience with doing these assignments?
o How come?
o How did you feel?
o Which parts did you find easy/difficult?

o How did you estimate your confidence after finishing an assignment?

Metacognitive knowledge

Where do you start when you get such conceptual assignments?

o What do you do when you do not understand the assignment, or part of
the assignment?

o Is the assignment finished the moment you write down your answer?

o Can you tell me what you do afterwards?

Do you use specific strategies while solving this type of assignments?
o Does such a strategy depend on the type of question? How?

o Did you ever change strategies for different types of questions? Why?

Can you tell me what you strenghts and weaknesses are regarding solving this

type of conceptual assignments?

Metacognition in the curriculum

Can you describe any situations or name ways through which you obtain insight in

how well you understand something?

If we would improve the curriculum in such a way that it becomes easier for you
to estimate how well you understanding something, does that have added value
for you?

o How do you think we should improve the curriculum?
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Supplementary N | Template thinking aloud and interview.

Metacognitive experiences

MAIN THEME SUB THEME EXAMPLE
Feeling of knowing ‘Eureka.’
‘I do not think so, but I do not know why.’
‘Intuitively, or based on my feeling it has to be..
maybe I have the feeling I am making a mistake.’
Feeling of familiarity “Yes, I recognise this image. I think I have seen
this before.’
‘I recognise this from year 1.
Feeling of confidence  Sure ‘T am quite sure about this.’
Unsure “Yes. No. I am not quite sure.’
Doubting “Yes, now I start doubting.’
Feeling of difficulty ‘O god, this is difficult.
‘O yes, I was afraid of this [type of exercise]
already.’
Metacognitive skills
MAIN THEME SUB THEME EXAMPLE
Planning Allocating ‘T will start by reading the formulas.’
resources
Identifying ‘OK, so it is about...’
problem
Creating ‘T will write that down for now.. so I have an
overview overview.’
Monitoring Rereading Rereading a paragraph.
Summarising ‘I will write summarise this because I might

need it later.
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Eliminating  ‘So then we have the option left..
‘So this one can be eliminated for sure..

Selecting Allocates a new resourse, e.g. formula sheet,
new source  halfway through the assignment.

Using Using a mnemonic to explain the situation in
mnemonic layman language.

Using ‘OK, so for example, we fill in numbers here..
numbers

Using visuals ‘Let’s have a look. There is an image here.’

Using answer ‘OK, I will read the answer options, because

options that might help me figure it out..’

Switching ‘I now see that..

strategy

Identifying ‘ Hm, this formula is not useful at the moment.’

adequacy of

information

Self- ‘Is this right what I am saying?’

questioning

Goal- ‘What was the problem again?’

checking

Self- Explaining to him/herself why the answer is

explanation incorrect/correct before committing to an

answer.

Goal-free ‘Maybe it has something to do with..’

search

Goal-directed ‘I will search in the formula sheet for resistance,
search flow and pressure difference.
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Judgement of ‘These [the answer options] are all not the
learning same compared to my answer. Then I have to
look again. Maybe I am wrong.’

‘T will just make a decision based on what
sounds logical.. and based on what I
remembered, not based on the reasoning and
the process behind it’.

Checking ‘I will just check everything again, because..’
answer

Elaborating  ‘So if the resistance decreases, so.. yes I am
on very sure about my answer.’
confidence

Metacognitive knowledge

MAIN THEME

SUBTHEME

Of self

Of Task

Of Strategy

Formulas/numbers

Visual representation

Speed of reasoning

Not thinking ‘straight’

Insecurity

Lack of knowledge/brainpower
Compensating weaknesses

Influence of environment

Easy

Overview of the stiutation

Abstract thinking

Estimating

Different strategies for figures/formulas
Different strategies for facts/cooncepts
Not aware of strategy

Eliminating options

Using visual representation

Highliting

Thinking out loud
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Cues for confidence

Identifying the problem
Goal-checking

Checking previous assumptions
Good reading

Using numbers

Creating overview

Filling in formulas

Tackle the problem from different angles
Evaluating

Feeling

Time

Familiarity/previous experiences
Reasoning

Deduction

Representation (figures/formulas)

Combination of reasoning and feelings
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