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Executive Summary

Diagnostic reasoning refers to the systematic collection and interpretation of problem-
specific information with the goal of reducing uncertainty in solving a problem. Diagnostic
reasoning is highly relevant in various professional contexts. Therefore, it is important to
teach diagnostic reasoning in related areas of higher education. Diagnostic reasoning has been
researched in medical education and teacher education in particular. However, only recently
has research been started to systematically integrate the theoretical and empirical
advancements of the two fields. The research presented in this thesis aims to contribute to the
endeavor of developing a cross-disciplinary research perspective on diagnostic reasoning, to
deepen the understanding of the relevant knowledge and skills, and ultimately, to further
improve the teaching and learning of diagnostic reasoning in medical and teacher education.
The thesis discusses the commonalities and differences in diagnostic reasoning in medical and
teacher education with respect to diagnostic problems, epistemic processing, and cognitive
structures and processes. In addition, further directions for researching and facilitating
diagnostic reasoning are identified: Using simulation-based learning environments, cross-
disciplinary comparisons of diagnostic activities and diagnostic practices seem to be a
promising approach to identifying field-specific epistemic ideals, standards, and processes
involved in diagnostic reasoning. A second research direction is the differentiation of
diagnostic reasoning skills or diagnostic competences. In this thesis, diagnostic reasoning
skills are suggested to be distinguished concerning the two subskills of diagnostic judgment
and diagnostic argumentation. Diagnostic judgment aims to achieve diagnostic accuracy in
solving diagnostic problems and has been investigated in prior research. In contrast, the newly
defined concept of diagnostic argumentation, including the facets of justification,
disconfirmation, and transparency, aims to achieve a common understanding with others by
comprehensibly and persuasively explaining interpretations and conclusions made about a
diagnostic problem. Differentiating between diagnostic reasoning skills includes a third
research direction, that is, investigating whether facilitating students’ learning of these skills
requires specific learning opportunities. Using simulation-based learning has been found to
facilitate students’ learning of diagnostic reasoning, however, only if students receive
sufficient support, such as adaptive feedback. Adaptive feedback on written task solutions can
be automated by making use of recent technological advancements in Natural Language
Processing (NLP). Moreover, when learning collaboratively, students can provide each other
additional feedback and exchanging arguments while solving simulated diagnostic problems,

which may not only foster diagnostic judgment but also diagnostic argumentation.



The three identified research directions are addressed in the three papers that are
presented in the empirical part of this thesis. The first study compared diagnostic activities
and diagnostic practices in medical education and teacher education. The second study
explored the differentiation of diagnostic reasoning skills into diagnostic judgment and
diagnostic argumentation in the context of teacher education. The third study investigated the
effects of NLP-based automatic adaptive feedback and collaborative learning on preservice
teachers’ simulation-based learning of diagnostic judgment and diagnostic argumentation.

The first study investigated diagnostic activities and diagnostic practices in a cross-
disciplinary comparison of students in a medical education program and students in a teacher
education program. The students worked in a simulation-based learning environment in which
they were confronted with eight simulated diagnostic problems from their respective fields.
After making a diagnosis, they wrote a justificatory report for each simulated case in which
they described their approach to solving the case. All justificatory reports were coded for four
diagnostic activities: generating hypotheses, generating evidence, evaluating evidence, and
drawing conclusions. Diagnostic practices were operationalized as the relative frequencies of
co-occurring diagnostic activities by using the novel method of Epistemic Network Analysis.
Significant differences were found between the medical students and preservice teachers with
respect to both their diagnostic activities and their diagnostic practices. The medical students
put relatively more emphasis on generating hypotheses and drawing conclusions, therefore
applying a more hypothesis-driven approach. Preservice teachers focused on generating and
evaluating evidence, indicating a more data-driven approach. These results may be explained
by different epistemic ideals and standards taught in higher education in the two fields.

The second study explored the suggested differentiation between diagnostic judgment
and diagnostic argumentation. In addition, the three facets of justification, disconfirmation,
and transparency were investigated as potential subskills of diagnostic argumentation.
Teacher education was selected as the context for an initial investigation. The justificatory
reports collected from the preservice teachers during the first study were reanalyzed. In
addition, the analyses included the preservice teachers’ prior diagnostic knowledge and the
accuracy of their diagnostic judgments. The correlational results supported the assumption
that making accurate diagnostic judgments and formulating diagnostic argumentations may
represent different diagnostic reasoning skills. Moreover, because of the disparities found in
the underlying knowledge bases, the results supported the notion that justification,

disconfirmation, and transparency may represent distinct subskills of diagnostic



argumentation. However, preservice teachers’ diagnostic argumentations rarely involved all
three facets, suggesting a need for more specific training.

The third study in this thesis is an experimental study of the effects of NLP-based
automatic adaptive feedback and collaborative learning on preservice teachers’ simulation-
based learning of diagnostic reasoning skills, which were operationalized as the accuracy of
diagnostic judgments and the quality of justifications in diagnostic argumentations. NLP-
based automatic adaptive feedback was compared with an expert solution as a form of static
feedback. Further, the social mode of learning was experimentally varied, in that students
learned either individually or collaboratively as dyads. The results showed that, compared to
static feedback, adaptive feedback facilitated the quality of preservice teachers’ justifications
in diagnostic argumentation. Moreover, adaptive feedback helped collaborative learners to
achieve the same level of accuracy of diagnostic judgments as individual learners. Therefore,
adaptive feedback may have helped collaborative learners to cope with the possibly higher
demands induced by the collaborative learning situation.

The research presented in this thesis suggests that medical education and teacher
education have developed specific diagnostic practices, which might relate to field-specific
ideals and standards that are internalized throughout higher education. In addition to content-
specific diagnostic knowledge, the knowledge of field-specific ideals and standards may be
considered part of the knowledge base on which (future) professionals perform diagnostic
reasoning. Further research is needed to advance the understanding of field-specific epistemic
ideals and standards in diagnostic reasoning. Moreover, future research may address to what
extent the knowledge of field-specific ideals and standards explains the performance and
learning of diagnostic reasoning skills and, in particular, of diagnostic argumentation. The
analyses suggested that the standardization of diagnostic reasoning in teacher education might
be less advanced compared to that of medical education. Justification, disconfirmation, and
transparency may provide a starting point for the further development of standards for
diagnostic argumentation. Future research in medical education may address the replicability
of distinguishing diagnostic judgment, indicated by diagnostic accuracy, from diagnostic
argumentation, including the three facets of justification, disconfirmation, and transparency.
Distinguishing between the two diagnostic reasoning skills seems to be practically relevant, in
that adaptive feedback was especially important for preservice teachers’ simulation-based
learning of diagnostic argumentation. NLP methods provide particular benefits in automating
support measures for facilitating the learning of complex reasoning skills, such as diagnostic

argumentation, even in short-term interventions.
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Deutsche Zusammenfassung

Diagnostisches Denken bezeichnet das systematische Sammeln und Interpretieren von
problembezogenen Informationen mit dem Ziel, Unsicherheit zu reduzieren und eine
Problemldsung zu identifizieren. Diagnostisches Denken ist in verschiedenen beruflichen
Kontexten und auch in der Hochschulbildung zukinftiger Fachkréfte von hoher Relevanz.
Diagnostisches Denken wurde in der Forschung bisher insbesondere in den Bereichen der
medizinischen Ausbildung und der Lehrerbildung berucksichtigt. Jedoch wurde die
Integration theoretischer und empirischer Fortschritte der beiden Felder bisher weitestgehend
vernachlassigt. Die in dieser Dissertation prasentierte Forschung soll einen Beitrag zu den
jungsten Bestrebungen einer disziplinibergreifenden Forschungsperspektive auf das
diagnostische Denken zu entwickeln. In diesem Zusammenhang wird zudem angestrebt, das
Verstandnis von relevantem Wissen und Fertigkeiten vertiefen und letztendlich das Lehren
und Lernen diagnostischen Denkens in der medizinischen Ausbildung und der Lehrerbildung
weiter zu verbessern. In der Dissertation werde Gemeinsamkeiten und Unterschiede des
diagnostischen Denkens in der der medizinischen Ausbildung und der Lehrerbildung in Bezug
auf diagnostische Problemstellungen, epistemische Verarbeitung sowie kognitive Strukturen
und Prozesse diskutiert. Dabei werden weitere Richtungen fir die Erforschung und auch fir
die Forderung des diagnostischen Denkens aufgezeigt: Die Nutzung simulationsbasierter
Lernumgebungen fir interdisziplindre VVergleiche von diagnostischen Aktivitaten und
diagnostischen Praktiken erscheint vielversprechend, um feldspezifische epistemische Ideale,
Standards und Prozesse im diagnostischen Denken zu identifizieren. Eine zweite
Forschungsrichtung ist eine Unterscheidung der bisher undefinierten Mehrzahl diagnostischer
Fertigkeiten oder Diagnosekompetenzen hinsichtlich zwei zu differenzierender Fertigkeiten:
diagnostisches Urteilen und diagnostisches Argumentieren. Diagnostisches Urteilen zielt
darauf ab, eine richtige Diagnosestellung bei der Lsung diagnostischer Problemstellungen zu
erreichen und wurde bereits von vorangehender Forschung untersucht. Demgegeniber zielt
das neu definierte Konstrukt des diagnostischen Argumentierens auf das Erreichen eines
gemeinsamen Verstandnisses mit anderen ab, mittels verstandlicher und liberzeugender
Erklarung der Interpretationen und Schlussfolgerungen zu einer diagnostischen
Problemstellung. Um das diagnostische Argumentieren genauer zu konzeptualisieren, werden
drei Facetten eingefuihrt: Die Begrindung diagnostischer Schlussfolgerungen, die
Widerlegung alternativer Erklarungen und die Transparenz hinsichtlich des diagnostischen
Vorgehens. Die Unterscheidung von diagnostischem Urteilen und diagnostischem

Argumentieren impliziert eine dritte Forschungsrichtung: Diese adressiert die Frage, ob
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Studierende zum Erlernen der beiden Fertigkeiten spezifische Lern- und Unterstiitzungs-
malinahmen bendtigen. Es liegt bereits Evidenz dazu vor, dass der Einsatz von simulations-
basiertem Lernen forderlich fur das Erlernen des diagnostischen Denkens ist — vorausgesetzt
Studierende erhalten dabei ausreichende Unterstiitzung, beispielsweise in Form von
adaptivem Feedback. Neue technologische Fortschritte im Bereich des Natural Language
Processing (NLP) ermdglichen inzwischen die automatisierte Analyse und hierdurch das
automatisierte Bereitstellen von adaptivem Feedback zu schriftlichen Aufgabenlsungen von
Studierenden. Dartiber hinaus kénnen kollaborative Lernformate niitzlich sein, in denen sich
Studierenden gegenseitig zusatzliches Feedback geben. Kollaborative Lernformate haben
zudem den Vorteil, dass Lernende bereits wahrend des Losungsprozesses Argumente
formulieren und austauschen, was vor allem zur Férderung des diagnostischen
Argumentierens, aber auch des diagnostischen Urteilens forderlich sein kdnnte.

Die drei aufgezeigten Forschungsrichtungen werden in drei Artikeln adressiert, die im
empirischen Teil dieser Arbeit vorgestellt werden. Der erste Artikel vergleicht diagnostische
Aktivitaten und diagnostische Praktiken in der medizinischen Ausbildung und der
Lehrerbildung. Der zweite Artikel untersuchte die vorgeschlagene Differenzierung von
diagnostischem Urteilen und diagnostischem Argumentieren im Kontext der Lehrerbildung.
Der dritte Artikel untersuchte die Effekte von mittels NLP automatisiertem adaptivem
Feedback und kollaborativem Lernen auf das simulationsbasierte Lernen des diagnostischen
Urteilens und diagnostischen Argumentierens von Lehramtsstudierenden.

Im ersten Artikel wurde ein interdisziplinarer Vergleich diagnostischer Aktivitaten
und diagnostischer Praktiken der medizinischen Ausbildung und der Lehrerbildung
durchgefuhrt. Studierende beider Facher bearbeiteten in einer simulationsbasierten
Lernumgebung jeweils acht simulierte Falle zu diagnostischen Problemstellungen aus ihrem
jeweiligen Feld. Jeweils im Anschluss an die Diagnosestellung verfassten die Studierenden
fur jeden simulierten Fall eine Erklarung zu Ihrer Diagnosestellung, in der sie ihren
Losungsansatz beschreiben und begriinden sollten. In allen Erklarungstexten wurden vier
diagnostische Aktivitaten kodiert: Hypothesen generieren, Evidenz generieren, Evidenz
evaluieren und Schlussfolgerungen ziehen. Die diagnostischen Praktiken beider Felder
wurden mittels der neuen Methodik der epistemischen Netzwerkanalyse operationalisiert,
welche die relativen Haufigkeiten des gemeinsamen Auftretens der diagnostischen Aktivitaten
als Netzwerk abbildet. Es wurden signifikante Unterschiede zwischen Medizin- Und
Lehramtsstudierenden festgestellt, sowohl hinsichtlich ihrer berichteten diagnostischen

Aktivitaten als auch hinsichtlich der Ubergeordneten diagnostischen Praktiken. Im Vergleich



legten Medizinstudierende einen starkeren Schwerpunkt auf das Generieren von Hypothesen
und das Ziehen von Schlussfolgerungen, was im Gesamtbild einen eher hypothesen-
gesteuerten Ansatz diagnostischer Praktiken ergibt. Lehramtsstudierende legten einen
starkeren Fokus auf die Generierung und Auswertung von Evidenz, was auf einen eher
datengetriebenen Ansatz diagnostischer Praktiken hindeutet. Die Ergebnisse kénnen durch
unterschiedliche epistemische Ideale und Standards erklart werden, welche im Rahmen der
medizinischen Ausbildung und der Lehrerbildung gelehrt werden.

Der zweite Artikel untersuchte die vorgeschlagene Unterscheidung zwischen
diagnostischem Urteilen und diagnostischem Argumentieren als zwei zu differenzierende
diagnostische Fertigkeiten. Darlber hinaus wurden die drei Facetten Begriindung,
Widerlegung und Transparenz als potenzielle Teilfertigkeiten des diagnostischen
Argumentierens untersucht. Zum Zweck einer initialen Analyse der Forschungsfragen wurde
der Bereich der Lehrerbildung gewahlt. Die flr den ersten Artikel im Bereich der
Lehrerbildung gesammelten Erklarungstexte wurden erneut analysiert. Die Analysen
schlossen daruiber hinaus das diagnostische Vorwissen der Lehramtsstudierenden und die
Genauigkeit ihrer diagnostischen Urteile ein. Die korrelativen Ergebnisse stitzten die
Annahme, dass das Treffen genauer diagnostischer Urteile und das Formulieren
diagnostischer Argumentationen unterschiedliche diagnostische Fertigkeiten darstellen.
Dariiber hinaus zeigten sich Unterschiede dahingehend, welche Wissensarten Varianz in den
drei Facetten der Begriindung, Widerlegung und Transparenz erklaren konnten. Dies stitzt die
Annahme, dass Begriindung, Widerlegung und Transparenz unterschiedliche Teilfertigkeiten
des diagnostischen Argumentierens darstellen. Die diagnostischen Argumentationen der
Lehramtsstudierenden beinhalteten jedoch nur selten alle drei Facetten. Dies kdonnte darauf
hinweisen, dass bisher unzureichend spezifische Lerngelegenheiten in der Lehrerbildung zur
Verfligung stehen.

Der dritte Artikel préasentiert eine experimentelle Studie zu den Effekten von mittels
NLP automatisiertem adaptivem Feedback und kollaborativem Lernen auf das
simulationsbasierte Lernen des diagnostischen Denkens von Lehramtsstudierenden. Hierbei
wurden insbesondere die Genauigkeit diagnostischer Urteile und die Qualitat von
Begriindungen im diagnostischen Argumentieren untersucht. Das automatische adaptive
Feedback wurde mit einer Expertenldsung als statisches Feedback verglichen. Dariiber hinaus
wurde die Sozialform des Lernens experimentell variiert, indem die Studierenden entweder
einzeln lernten oder kollaborativ als Dyaden. Die Ergebnisse zeigten, dass adaptives Feedback

im Vergleich zu statischem Feedback zur Verbesserung der Qualitét der Begriindungen in den



diagnostischen Argumentationen von Lehramtsstudierenden beitragen konnte. Darlber hinaus
half adaptives Feedback kollaborativen Lernenden, die gleiche Genauigkeit im diagnostischen
Urteilen zu erreichen wie einzelne Lernende. Das adaptive Feedback kdnnte kollaborativen
Lernenden geholfen haben, die méglicherweise durch die kollaborative Lernsituation héheren
Anforderungen der Lernsituation zu bewaltigen.

Die in dieser Dissertation préasentierten Forschungsergebnisse legen nahe, dass sich in
der medizinischen Ausbildung und der Lehrerbildung spezifische diagnostische Praktiken
entwickelt haben, welche mdglicherweise auf fachspezifische Ideale und Standards
zuruckzufihren sind. Solche Ideale und Standards werden im Laude der hochschulischen
Ausbildung von den Studierenden verinnerlicht. Neben inhaltsspezifischem diagnostischem
Wissen sollte daher auch das Wissen um fachspezifische Ideale und Standards als Teil des
professionellen Wissens angesehen werden, auf dessen Basis (zukinftige) Fachkrafte
diagnostisches Denken anwenden. Weitere Forschung ist erforderlich, um das Verstandnis zu
fachspezifischen epistemischen ldealen und Standards im diagnostischen Denken
voranzutreiben. Daruber hinaus sollte weitere Forschung untersuchen, welche Rolle das
Wissen um fachspezifische Ideale und Standards in der Performanz und dem Erlernen von
Fertigkeiten des diagnostischen Denkens und insbesondere des diagnostischen
Argumentierens spielt. Die Befundmuster legten zudem nahe, dass die Standardisierung des
diagnostischen Denkens in der Lehrerbildung im Vergleich zur medizinischen Ausbildung
weniger weit fortgeschritten sein kdnnte. In Bezug auf Standards zum diagnostischen
Argumentieren kénnen die drei Facetten der Begriindung, Widerlegung und Transparenz als
Ansatzpunkt fur die Weiterentwicklung von Standards dienen. Zukunftige Forschung im
Bereich der medizinischen Ausbildung sollte insbesondere auch die Replizierbarkeit der
Unterscheidung von diagnostischem Urteilen (gekennzeichnet durch diagnostische
Genauigkeit) und diagnostischem Argumentieren, einschlielich der drei Facetten der
Begriindung, Widerlegung und Transparenz, adressieren. Die Unterscheidung der beiden
vorgeschlagenen diagnostischen Fertigkeiten scheint zudem praktisch relevant zu sein, da sich
das adaptives Feedback insbesondere fiir das simulationsbasierte Lernen des diagnostischen
Argumentierens von Lehramtsstudierenden als effektiv zeigte. Zudem zeigten sich in den
Ergebnissen die Potentiale NLP-basierter Methoden zur Automatisierung von Textanalysen
fiir die Unterstutzung des Lernens komplexer kognitiver Fertigkeiten, wie beispielsweise des

diagnostischen Argumentierens, auch im Rahmen kurzfristiger Interventionen.
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1 General Introduction



1.1 Aim and Structure of the Thesis

Diagnostic reasoning is relevant in many fields (Heitzmann et al., 2019). Its learning
should thus be considered an important part of the education of future professionals within
these fields. A thorough understanding of it is necessary to define meaningful educational
objectives and design and implement effective learning environments (Gagné & Merrill,
1990; Grossman et al., 2009). However, various research strands concerning diagnostic
reasoning have been developed in different fields, using different terms and theoretical
notions, which complicates the integration and (if possible) transfer of theoretical and
empirical accomplishments across fields. This thesis describes research that aimed to
contribute to (a) developing a cross-disciplinary research perspective on diagnostic reasoning,
(b) integrating and refining the existing understanding of diagnostic reasoning skills, and (c)
investigating approaches to facilitate the learning of diagnostic reasoning skills.

As the point of departure for developing a cross-disciplinary research perspective on
diagnostic reasoning (see aim a), this work focused on medical education and teacher
education. Future physicians, according to consensus, take over substantial responsibility for
their patients’ health, so they need extensive training in correctly assessing highly diverse
symptomatologies. Similarly, teachers are significantly responsible for supporting their
pupils’ learning and development: they need to diagnose, for example, their pupils’
performance, progress, and learning prerequisites (Praetorius et al., 2013). This has led to
researchers and educators in teacher education increasingly acknowledging the role of
diagnostic reasoning in (future) teachers’ everyday practice (e.g., Herppich et al., 2018).

Medical education and teacher education share particularly interesting commonalities
when it comes to diagnostic reasoning (Heitzmann et al., 2019). For instance, researchers
from both fields have referred to diagnostic competences (e.g., Fink, Reitmeier et al., 2021,
Hoth et al., 2016; Kramer, Fortsch, Boone et al., 2021; Papa, 2016) as an umbrella term for
the knowledge, skills, and attitudes (see Blomeke et al., 2015) professionals need to perform
competent diagnostic reasoning. Diagnosing “means ‘recognizing exactly’ or ‘differentiating’
and is associated with the activities and processes of classifying causes and forms of
phenomena (‘diagnosing’, n.d.). These causes and forms are often not directly observable;
they are latent or hidden and need to be identified” (Heitzmann et al., 2019, p. 3). In addition
to medical education and teacher education, research in other fields, such as mechatronics, has
referred to diagnosing (Abele, 2018). Therefore, to integrate research from different fields,
this thesis investigated diagnostic reasoning, a “goal-oriented collection and interpretation of

case-specific or problem-specific information to reduce uncertainty in order to make medical



or educational decisions” (Heitzmann et al., 2019, p. 4). Accordingly, diagnostic reasoning
does not necessarily refer to a specific field or content area (e.g., reasoning in medicine) but
rather denotes a certain type of reasoning that can address a wide range of problems and occur
in diverse situations (e.g., Abele, 2018; Kron et al., 2021; Radkowitsch et al., 2020). Beyond
diagnostic competence and diagnostic reasoning, research in medical education and teacher
education, it is important to note, has, however, mostly referred to content-bound terms:
clinical reasoning in medical education (e.g., Norman et al., 2017) and assessment (e.qg.,
Herppich et al., 2018) or judgment (e.g., Praetorius et al., 2017) in teacher education.
However, due to the broad scope of diagnostic reasoning, it seems reasonable to use it as a
common term for elaborating on a cross-disciplinary research perspective, aiming to better
understand not only the associated knowledge and skills but also the learning of diagnostic
reasoning.

In addition to suggesting that the research strands from medical education and teacher
education share terminological commonalities, Heitzmann et al. (2019) offered further
arguments for integrating the diagnostic reasoning research of both fields (see Heitzmann et
al., 2019, pp. 3-4). However, these arguments demand further elaboration and
systematization, for which they can be broadly categorized as either epistemically grounded
or cognitively grounded. Therefore, to (see aim a) develop a cross-disciplinary research
perspective on diagnostic reasoning, this thesis further elaborated on these two main strands
of epistemic and cognitive arguments.

In doing so, this thesis also aimed to (see aim b) integrate and advance the existing
understanding of diagnostic reasoning skills. The medical education and teacher education
literature does not clearly distinguish between different diagnostic reasoning skills; instead, it
ascribes various indicators of diagnostic reasoning to a broad and not fully defined range of
skills or competences (e.g., Heitzmann et al., 2019; Herppich et al., 2018). There are,
however, both epistemic and cognitive arguments for distinguishing between at least two
diagnostic reasoning skills, which this thesis refers to as diagnostic judgment (e.g., Loibl et
al., 2020) and diagnostic argumentation. To distinguish between them demands not only
elaboration of the two constructs, but also investigation, which this thesis will also undertake.

Moreover, trying to distinguish between diagnostic judgment and diagnostic
argumentation also raises several questions. Especially the matter of facilitating the two
diagnostic reasoning skills is important. Aiming to (see aim c) identify and investigate
approaches to facilitate the learning of diagnostic reasoning skills, this thesis elaborated on

the benefits of using simulation-based learning environments (Chernikova, Heitzmann,



Stadler et al., 2020; see Fink, Radkowitsch et al., 2021; Heitzmann et al., 2019) for
researching and facilitating diagnostic reasoning skills. To specifically foster diagnostic
judgment and diagnostic argumentation, two specific means that might support simulation-
based learning of diagnostic reasoning skills are suggested: adaptive feedback and
collaborative learning. However, the effects of adaptive feedback and collaborative learning
on the simulation-based learning of diagnostic reasoning skills also required investigation. In
particular, whether the proposed interventions have differing effects on diagnostic
argumentation and diagnostic judgment must be investigated, to determine the practical
impact of differentiating diagnostic reasoning skills for teaching, learning, and measurement
purposes.

The thesis has three main parts. The first part discusses diagnostic reasoning in
medical education and teacher education, introducing several task-related, epistemically
grounded, and cognitively related reasons that explain why and in which regard different
fields — medical education and teacher education, in particular — may be comparable or
limited in their comparability with respect to diagnostic reasoning (see aim a). First, the object
of reasoning — diagnostic problems — is characterized (see section 1.2). Diagnostic problems
can be compared in terms of several characteristics — content area, exemplarity, complexity,
and required activities — that can affect their processing in terms of diagnostic reasoning.
These characteristics should thus be considered when researching diagnostic reasoning across
different diagnostic problems. Further, an epistemically grounded view of diagnostic
reasoning (see section 1.3) is elaborated on; in particular, epistemic aims (see Chinn et al.,
2011), diagnostic activities (see Fischer et al., 2014), and diagnostic practices (see Bauer et
al., 2020), and how comparing different fields with respect to their epistemic processing may
offer specific insights into their diagnostic reasoning. This is followed by detailing the
differences and similarities in the cognitive aspects of diagnostic reasoning and offering a
rationale as to why and how the existing concepts may be further integrated and refined (see
aim b; see section 1.4). In doing so, a differentiation of diagnostic reasoning skills into
diagnostic judgment (e.g., Loibl et al., 2020) and the novel conceptualization of diagnostic
argumentation is suggested, followed by how both may be facilitated (see aim c; see section
1.5) using simulation-based learning approaches (e.g., Chernikova, Heitzmann, Fink et al.,
2020), adaptive feedback (e.g., Bimba et al., 2017), and collaborative learning (e.g., Csanadi
et al., 2021). The first part concludes by describing the general research questions (see section

1.6) investigated in the subsequent empirical part.



The second part of the thesis describes the three empirical studies that addressed
several questions within the outlined research agenda. The first study exemplified the
comparison of diagnostic activities and diagnostic practices in medical education and teacher
education (see section 2). The second study addressed the differentiation of diagnostic
reasoning skills into diagnostic judgment and diagnostic argumentation (see section 3). The
third study presented the results of the different and interacting effects that adaptive feedback
and collaborative learning in simulations have on preservice teachers’ learning of diagnostic
judgment and diagnostic argumentation (see section 4).

The third and final part of the thesis (see section 5) summarizes and integrates the
findings into the initially outlined theoretical assumptions and research agenda. Based on the
summary and integrations, the thesis concludes by discussing the implications for research
and practice.

1.2 Diagnostic Reasoning across Different Fields: Solving Diagnostic Problems

The differences in terms of diagnostic problems are one of the major challenges in
researching diagnostic reasoning across different fields. Researchers from medical education,
teacher education, and other fields, such as mechatronics, have conceptualized diagnostic
reasoning as a problem-solving process (e.g., Abele, 2018; Barrows & Pickell, 1991; Csanadi
et al., 2021; Heitzmann et al., 2019; Kiesewetter et al., 2013). As such, diagnostic problems
can be described in terms of the characteristics of a problem-solving task: The task’s content
area, exemplarity, complexity, and the required activities to solve the problem can vary across
problems in different fields but also problems within a field.

Diagnostic problems clearly differ from each other in terms of their content area.
Physicians usually diagnose a patient’s health and symptomatology. For example, a general
practitioner may try to determine the causes of a patient’s symptoms, such as fever and
nausea, which may be caused by one of the various virus infections (e.g., hepatitis A virus
infection). Teachers are mainly concerned with determining their pupils’ performance,
progress, and learning prerequisites, such as reading difficulties, which may be caused, for
example, by lack of practice, visual impairment, or dyslexia (Westwood, 2008). Clearly, the
content area of diagnostic problems is not comparable across different fields or even across
diagnostic problems within the same field (Schwartz & Elstein, 2008; Wimmers et al., 2007).

However, different content areas are associated with another characteristic of
diagnostic problems, which is still content-related yet more abstract: Diagnostic problems can
be characterized regarding what may be referred to as exemplarity of a problem for a specific

professional context. This characteristic relates to the prevalence of a diagnostic problem’s



exemplars within a specific field’s professional environment, which determines the likelihood
that a professional will gain or has already gained experience regarding the respective
problem (see Kolodner, 1992; Renkl, 2014; Thomassen & Stentoft, 2020). Accordingly,
exemplarity increases the practical need of a professional to have knowledge about the
respective diagnostic problem and how to solve it (see Winch, 2004). In medical education,
the exemplarity of diagnostic problems, such as specific symptomatological patterns, may be
derived from their prevalence estimate in the population or from expert interviews (see
Charlin et al., 2000; Papa et al., 1996). However, owing to the various specializations of
professionals and the specifics of their professional environments, determining the
exemplarity of diagnostic problems in rather broad fields is, to some degree, difficult. For
example, the diagnostic problems oncologists and cardiologists typically encounter in their
professional environments will be considerably diverse. Likewise, the diagnostic problems
teachers typically encounter in their professional environments will vary depending on factors
such as the school track, pupils’ age, and the teaching subjects. However, diagnostic problems
can be ascribed to broader classes of diagnostic problems that relate to more or less exemplary
tasks. For example, teachers will consider the assessment of pupils’ misconceptions or level
of skill belonging to the typical classes of diagnostic problems they encounter in their
professional environments. Therefore, in rather broadly defined fields such as medical
education and teacher education, diagnostic problems can still, to some degree, be classified
according to their exemplarity.

In addition to content area and exemplarity, diagnostic problems can be characterized
using other, less content-related but more structural means, and one among them is
complexity, which has been defined as the demands imposed by the structure of a problem
(Robinson, 2001). A problem’s complexity is mainly determined by the amount and
connectivity of information that needs to be processed (see Campbell, 1988; Stadler et al.,
2019; Sweller, 2010). For example, the amount and connectivity of problem information,
which is available as potential evidence, may vary (e.g., information about a patient’s
symptoms); further, the number and connectivity of potential problem solutions (e.g., relevant
differential diagnoses) can differ across problems. In medical education, since the
interconnections between problem information and relevant differential diagnoses easily
accumulate to a high number and often form ambiguous patterns, diagnostic problems have
been described as highly complex (Mamede et al., 2007; Papa, 2016). In teacher education, a
similarly structured and complex area of diagnostic problems is the assessment of pupils’

individual learning prerequisites: If pupils exhibit extensive performance or behavioral



problems, many different and interconnected factors must be considered, such as the pupils’
prior academic progress and achievements, their home environment, cognitive abilities, social
behavior, emotional and motivational states and traits, and so on. When researching
diagnostic reasoning across different fields or even across different problems, the amount and
connectivity of problem information must be considered, because it can affect, for example,
the cognitive processing of information (see section 1.4.2).

Collecting and processing information requires specific activities that are necessary to
solve the problem; however, the required activities can systematically differ across diagnostic
problems and situations and, thus, across different fields. Therefore, as another structural
characteristic of diagnostic problems, the required activities refer to the observable
interactions with the problem (e.g., Eichmann et al., 2020). These interactions can be
conceptualized in terms of epistemic activities (Fischer et al., 2014), such as problem
identification, hypothesis generation, evidence generation, evidence evaluation, or drawing
conclusions. Epistemic activities, since they are particularly relevant for solving diagnostic
problems, have also been referred to as diagnostic activities (see Heitzmann et al., 2019). For
example, when confronted with a patient’s health problem, physicians are trained to generate
hypotheses about the nature of the problem, generate and evaluate evidence accordingly, and
finally draw conclusions about the diagnosis and appropriate treatment. Teachers, identifying
a potential problem in one of their pupils, may as well generate hypotheses about the nature of
the problem, generate and evaluate evidence, and draw conclusions about the diagnosis and
appropriate interventions. Beyond identifying the potential similarities across different fields,
diagnostic activities can also offer a systematic view of the differences between typical
diagnostic problems. For example, a diagnostic problem may either be given already (e.g.,
introduced by the patient or a colleague) or may need to be identified in the first place (e.qg.,
during classroom observations).

The similarities and differences in diagnostic problems across (and within) different
fields may be specifically addressed by research. However, there are other research interests,
such as studying the similarities and differences in epistemic processing or cognitive
processing (see sections 1.3 and 1.4) across different fields such as medical education and
teacher education. Accordingly, research can be affected by the choice of the researched
diagnostic problems, since variations in the characteristics of the diagnostic problems can
systematically influence the diagnostic reasoning (e.g., systematic differences in the
diagnostic activities required to solve the different diagnostic problems). Cross-disciplinary

research in diagnostic reasoning should, therefore, consider the variations in the



characteristics of the diagnostic problems across different fields and, if possible, try to match
the characteristics of the researched diagnostic problems.

1.3 Epistemic Processing in Diagnostic Reasoning: Aims, Activities, and Practices

1.3.1 Diagnostic Accuracy: The Central Epistemic Aim in Solving Diagnostic Problems

As a problem-solving process, diagnostic reasoning is also a process of generating
knowledge about a diagnostic problem. Diagnostic reasoning is thus linked to several aspects
of epistemic cognition (e.g., Chinn et al., 2011; Greene et al., 2008) and scientific reasoning
(e.g., Fischer et al., 2018). Epistemic cognitions are “cognitions directed at epistemic aims
and their achievement” (Chinn et al., 2011, p. 147), with epistemic aims being the “intended
objectives of cognition and action” (Chinn et al., 2014, p. 428), such as acquiring accurate
knowledge. In diagnostic reasoning, the central epistemic aim is to achieve accurate
knowledge of a diagnosis, also referred to as diagnostic accuracy (e.g., Kolovou et al., 2021;
Kramer, Fortsch, Boone et al., 2021). The high relevance of diagnostic accuracy is grounded
by the fact that inaccurate diagnoses can lead to inadequate decisions, ultimately resulting in
insufficient improvement or even harm. If a physician arrives at an inaccurate diagnosis, a
patient may receive no or inappropriate treatment, which fails to improve or even harms the
patient’s condition (Norman et al., 2017). Similarly, teachers’ erroneous diagnoses can
critically harm their pupils’ educational success and individual development, which can
ultimately derail their future careers and impair their societal participation (e.g., Elhoweris,
2008). This is especially true if a diagnostic problem is associated with a critical, high-impact
content area; for example, if a pupil has persisting learning difficulties caused by a
developmental disorder (e.g., Reinke et al., 2011; Volpe et al., 2006). A high degree of
accountability and responsibility is considered as increasing the situational epistemic value of
achieving an epistemic aim (see Chinn et al., 2011), such as diagnostic accuracy, and
therefore needs to be considered another factor of influence on diagnostic reasoning (see
Blomeke et al., 2015; Loibl et al., 2020).

Past research on diagnostic reasoning in medical education (e.g., Norman et al., 2017)
and teacher education (e.g., Urhahne & Wijnia, 2021) strongly focused on achieving
diagnostic accuracy, with several studies investigating how to avoid diagnostic inaccuracy in
terms of diagnostic errors and cognitive biases in diagnostic reasoning (e.g., Norman et al.,
2017). Moreover, achieving diagnostic accuracy was investigated in relation to cognitive
aspects such as knowledge structures (e.g., Charlin et al., 2012; see section 1.4.1) or types of

cognitive processing (e.g., Croskerry, 2009; Loibl et al., 2020; see section 1.4.2) and also in



relation to the application of epistemic activities while solving diagnostic problems (e.g.,
Kramer, Fortsch, Boone et al., 2021).
1.3.2 Diagnostic Activities: Conceptualizing Diagnostic Problem-Solving

To achieve epistemic aims (e.g., diagnostic accuracy), individuals engage in epistemic
activities for generating and justifying scientific knowledge (such as generating hypotheses,
generating evidence, evaluating evidence, and drawing conclusions; see section 1.2; Fischer et
al., 2014). The research on epistemic activities primarily focused on how individuals within
different fields — teacher education (Csanadi et al., 2021), social work education (Ghanem et
al., 2018), or medical education (Lenzer et al., 2017) — perform epistemic activities during
reasoning or problem-solving. However, while focusing on how individuals in these fields
perform epistemic activities, this research disregarded to compare the different fields with
respect to their approaches in performing diagnostic activities.

From a socio-cultural perspective, epistemic activities are established by and within
epistemic communities (see Kelly, 2008). Consequently, individuals within an epistemic
community feature a shared understanding of when and how epistemic activities need to be
performed; hence, epistemic activities must be considered at an individual as well as a
collective level (see Kelly, 2008; Leont’ev, 1978; Roth & Lee, 2006). Therefore, comparing
epistemic activities across different fields may reveal observable variations regarding the
specific ways and preferences of when and how epistemic activities are performed within
fields.

When physicians or teachers solve diagnostic problems and aim to achieve diagnostic
accuracy, they engage in epistemic activities, referred to as diagnostic activities in the context
of diagnostic reasoning (Heitzmann et al., 2019). Though prior research concerned with
diagnostic reasoning investigated diagnostic activities both in medical education (e.g., Fink,
Reitmeier et al., 2021; Lenzer et al., 2017) and teacher education (e.g., Kramer, Fortsch,
Boone et al., 2021; Wildgans-Lang et al., 2020), it did not compare how the diagnostic
activities were applied in the two fields. This research gap might stem from concerns
regarding the comparability of diagnostic activities across fields. For instance, since the
content of physicians’ diagnostic problems and teachers’ diagnostic problems is different (see
section 1.2), the specific content of their concrete hypotheses, evidence, and conclusions also
varies: a physician’s hypothesis about the causes for a patient’s back pain varies from a
teacher’s hypothesis about the causes for a pupil’s writing difficulties. However, if the
intended epistemic aims are the same (i.e., achieving diagnostic accuracy), the purpose of

each diagnostic activity is conceptually transferable across different fields (see Hetmanek et
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al., 2018): Irrespective of the specific content of a hypothesis, the activity of generating
hypotheses holds the purpose of identifying potential explanations, which may require further
investigation. Therefore, the variations across different fields regarding when and how
diagnostic activities are performed may provide specific insights into the individual fields’
epistemic approaches toward diagnostic reasoning. Thus, to gain insights into the epistemic
approaches involved in diagnostic reasoning in medical education and teacher education, the
first study presented in this thesis investigated the differences in medical students’ and
preservice teachers’ diagnostic activities (see study 1 in section 2, research question 1).

1.3.3 Diagnostic Practices: Collective Patterns of Diagnostic Activities

Research can investigate not only the individual epistemic activities with respect to
when and how they are performed but also the collective patterns of activities observable
across the individuals of an epistemic community. These patterns can indicate a community’s
epistemic practices (see Kelly, 2008; Roth & Lee, 2006): “the specific ways members of a
community propose, justify, evaluate, and legitimize knowledge claims within a disciplinary
framework” (Kelly, 2008, p. 99). Epistemic practices are considered to exist at a collective
level, but “collectives do not act: individuals always realize these practices in concrete ways”
(Roth & Lee, 2006, p. 32). The individuals of an epistemic community might, therefore, vary
in their application of epistemic activities and yet contribute to the overall pattern of their
community’s epistemic practices. The specifics in a community’s epistemic practices relate to
shared epistemic ideals (standards and criteria to assess the achievement of aims; e.g., a
diagnosis is grounded on valid and convincing evidence) and a shared understanding of which
processes are accepted as being reliable (e.g., how to generate valid and convincing evidence;
see Duncan & Chinn, 2016). Therefore, comparing communities’ epistemic practices and
identifying the specifics in their epistemic practices can offer insights into their epistemic
ideals, standards, and processes (see Duncan & Chinn, 2016).

Similar to transferring epistemic activities into the context of diagnostic reasoning, the
idea of epistemic practices may be integrated into researching diagnostic reasoning as well.
Relating the definitions of diagnostic reasoning and epistemic practices, this thesis defined
diagnostic practices as the systematic approaches applied to collect and integrate information
to reduce uncertainty and make and communicate informed and justifiable decisions in
professional situations (see Heitzmann et al., 2019; Kelly, 2008). The diagnostic practices
within different fields may involve specifics concerning their epistemic ideals, standards, and

processes (Duncan & Chinn, 2016). Therefore, comparing diagnostic practices across medical
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education and teacher education might improve both fields’ conceptual understanding of
diagnostic reasoning, which might facilitate future research.

The research in both medical education and teacher education has identified and
conceptualized their approaches toward diagnostic reasoning. However, both fields have
developed rather separate strands of research, involving different terms and theoretical
notions, and this complicates the integration of the theoretical and empirical accomplishments
into a cross-disciplinary research perspective on diagnostic reasoning. To investigate
diagnostic practices in medical education and teacher education, the theoretical
conceptualizations from the two fields can be initially interpreted and integrated by referring
to their diagnostic activities (see Bauer et al., 2020; Kramer, Fortsch, Seidel et al., 2021).

In medical education, studies have found that medical students follow a diagnostic
practice denoted as a hypothesis-driven approach: Students generate several hypotheses and
evaluate the corresponding evidence to draw conclusions about the initially generated
hypotheses (e.g., Coderre et al., 2010; Kiesewetter et al., 2013). The hypothesis-driven
approach conforms to an epistemic ideal of differential diagnosing, which is regarded as a
reliable process in medicine and thus systematically taught to students in medical education
(see Duncan & Chinn, 2016; Kassirer, 2010). In addition, research found that some medical
students comply with a data-driven approach, which involves generating and evaluating
evidence while simultaneously neglecting to generate specific hypotheses and integrate
evidence into conclusions (e.g., Grasel & Mandl, 1993; Kiesewetter et al., 2013; Norman et
al., 2007).

In teacher education, the research on diagnostic practices has primarily referred to the
framework of professional vision (Goodwin, 1994). This framework distinguishes between
two components: noticing and reasoning. The former includes identifying problems and
generating hypotheses, and the latter includes three further subcomponents: describing,
explaining, and predicting (e.g., Seidel & Stiirmer, 2014). Describing corresponds to reporting
the generated evidence. Explaining means evaluating the evidence in reference to diagnostic
knowledge. Accordingly, these two subcomponents focus on evidence, whereas predicting the
consequences of observations is indicated by generating hypotheses or drawing conclusions.
Research found that expert teachers’ diagnostic practices comprise describing, explaining, and
predicting (Seidel & Prenzel, 2008). However, describing was found to be a prevailing aspect
compared to predicting, which was found to be more diverse (Stiirmer et al., 2016).

Diagnostic activities provide a point of departure to conceptually integrate the

theoretical approaches from medical education and teacher education. However, the idea of
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considering the collective patterns of diagnostic activities as diagnostic practices and
comparing the different fields with respect to their diagnostic practices is a novel approach in
diagnostic reasoning research. The observable variations regarding the diagnostic practices in
medical education and teacher education may provide further insights into the fields’ specific
approaches toward diagnostic reasoning concerning, for example, epistemic ideals, standards,
and processes (see Duncan & Chinn, 2016). Therefore, the first study presented in this thesis
additionally aimed to explore how students’ diagnostic practices differ between the two fields
of medical education and teacher education (see study 1 in section 2, research question 2).

Overall, the presented ideas and approaches with respect to conceptualizing and
researching epistemic processing in diagnostic reasoning across medical education and
teacher education may critically advance a shared research perspective on diagnostic
reasoning. In particular, researching diagnostic activities and diagnostic practices may result
in new insights about similarities and differences in terms of field-related specifics concerning
epistemic ideals, standards, and processes (see Duncan & Chinn, 2016).

1.4 Cognition in Diagnostic Reasoning: Knowledge, Processing, and Skills
1.4.1 Diagnostic Knowledge: A Content-Specific Basis for Diagnostic Reasoning

Beyond advancing research on epistemic processing in diagnostic reasoning in
different fields as a collective perspective on diagnostic reasoning, it is critical to proceed and
further advance research focusing on individuals’ diagnostic reasoning. In this regard,
especially prior research on the cognitive aspects in diagnostic reasoning must be considered
to identify the potential and limitations concerning the transferability of concepts and findings
across different fields.

Independent of the field, diagnostic knowledge is considered a crucial prerequisite for
diagnostic reasoning (e.g., Blomeke et al., 2015). However, both medical education and
teacher education have developed their own theoretical conceptualizations of diagnostic
knowledge (e.g., Croskerry, 2009; Shulman, 1986). In accordance with the content areas of
diagnostic problems, several models conceptualize diagnostic knowledge in terms of content.
In medical education, the models differentiate content, for example, in the area of biomedical
knowledge (e.g., pathophysiology or biochemistry) and clinical knowledge (e.g.,
symptomatology of specific diseases; Boshuizen, 1992), and partially also distinguish other
content areas, such as psychological or sociological knowledge (Charlin et al., 2012). In
teacher education, diagnostic knowledge has been most commonly conceptualized in
reference to Shulman (1986, 1987), who differentiated between content knowledge

(knowledge about the connections between the contents of one subject), pedagogical
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knowledge (knowledge about the more general aspects of teaching, such as learning processes
or classroom management), and pedagogical content knowledge (such as knowledge about
instructional strategies and knowledge about typical errors made by students in a subject).

Beyond distinguishing the content areas, the theoretical models in both fields have
conceptualized diagnostic knowledge in terms of the different cognitive types of knowledge,
such as conceptual knowledge and strategic knowledge (e.g., Kopp et al., 2009; Mayer, 2010;
Shulman, 1986). Conceptual knowledge consists of categories, such as diagnoses and relevant
cues, as well as their relations with each other (e.g., Kopp et al., 2009). Strategic knowledge
indicates the knowledge about how to proceed in diagnosing a specific problem (e.g., which
differential diagnoses are relevant, how they can be rejected, which informational sources can
deliver critical evidence; e.g., Kopp et al., 2009).

A review of diagnostic knowledge integrated the conceptualizations from medical
education and teacher education into a cross-disciplinary model with two dimensions: one
dimension relating to content-related facets of knowledge; the second relating to cognitive
types of knowledge (Fortsch et al., 2018). The two-dimensional model of professional
diagnostic knowledge (Fortsch et al., 2018) is a valuable starting point to integrate prior
research from medical education and teacher education into a cross-disciplinary research
perspective on diagnostic knowledge. However, the integrated model acknowledges the issue
of content-specificity in diagnostic knowledge across different fields or even across different
sets of problems within a field (e.g., Kolovou et al., 2021; Schwartz & Elstein, 2008;
Wimmers et al., 2007). The content-specificity, in turn, also limits the comparability of
abstract conceptualizations of knowledge (in terms of the cognitive types of knowledge). The
content-specificity of diagnostic knowledge implies that the potential to empirically compare
different fields with respect to diagnostic knowledge is limited.

1.4.2 Cognitive Processing: Fundamental Commonalities in Diagnostic Reasoning

Despite the limited comparability of content-specific diagnostic knowledge, various
cognitive processes can be assumed to be theoretically and conceptually comparable across
different fields. In particular, the processes of expertise development in terms of encapsulation
and script formation (e.g., Charlin et al., 2007; Lachner et al., 2016; Schmidt & Rikers, 2007)
as well as information processing (e.g., Croskerry, 2009; Norman, 2009) may be relevant to
be considered with regard to diagnostic reasoning.

In the course of expertise development, (future) professionals extensively practice
diagnostic reasoning by applying diagnostic knowledge, which is initially organized in

detailed causal networks (Schmidt & Rikers, 2007). By means of repeated knowledge
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application and exposure to various diagnostic problems, the diagnostic knowledge becomes
increasingly encapsulated into higher-level concepts (Schmidt & Rikers, 2007). With further
practice and experience, diagnostic knowledge becomes significantly associated with episodic
knowledge from previously diagnosed problems. This integration of diagnostic knowledge
into episodic representations of diagnostic problems is called script formation (Barrows &
Feltovich, 1987; Charlin et al., 2007; Lachner et al., 2016; Putnam, 1987).

The encapsulated concepts and formed scripts enable the recognition of patterns of
information as a whole, without demanding the working memory to consciously process
detailed relations between information (see Evans, 2008; Norman et al., 2007). The
subconscious recognition of patterns of information has been characterized as intuitive
information processing (e.g., Kahneman, 2003, 2011; Morewedge & Kahneman, 2010). It is
associated with a fast processing speed and minimized cognitive load (see Evans, 2008;
Kahneman, 2011; Kalyuga, 2011), which facilitates resource-efficient acting in professional
situations. In contrast, controlled information processing denotes evaluating isolated pieces of
information and consciously analyzing their causal relations (e.g., Kahneman, 2003, 2011,
Morewedge & Kahneman, 2010). The controlled type of information processing is associated
with increased cognitive load and is thus functionally limited by the working memory
capacity (see Evans, 2008; Kahneman, 2003; Kalyuga, 2011). Controlled information
processing can be found in (future) professionals with lower levels of expertise, who have
lower chances of recognizing familiar patterns of information in a diagnostic problem (see
Schmidt & Rikers, 2007). However, controlled information processing can also be
specifically evoked by certain characteristics of the diagnostic problem, such as increased
complexity due to ambiguous information (Mamede et al., 2007), or certain characteristics of
the situation, such as collaborative diagnostic reasoning (Kiesewetter et al., 2017;
Radkowitsch et al., 2020), which requires explicating reasons toward a collaborating
professional (or future professional).

In summary, the cognitive processes involved in diagnostic reasoning may be
considered non-specific to a field (Heitzmann et al., 2019; see Kirschner et al., 2017). They
may be influenced by the characteristics of the individual (e.g., the knowledge and level of
expertise of the professional or future professional), the characteristics of the diagnostic
problem (e.g., exemplarity or complexity as described in section 1.2), and the characteristics
of the situation (e.g., collaborative diagnostic reasoning). Assuming that cognitive processing

is non-specific to any field, the respective research findings may be considered transferable
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across different fields, while considering the limitations associated with the characteristics of
the researched individuals as well as diagnostic problems and situations.
1.4.3 Diagnostic Reasoning Skills: Distinguishing Judgment and Argumentation

The situational application of diagnostic knowledge and cognitive processing to solve
a diagnostic problem requires abilities, which can be subsumed as diagnostic reasoning skills
(e.g., llgen et al., 2012). Considering the field-specifics of diagnostic knowledge in relation to
the non-specific nature of cognitive processing in diagnostic reasoning, diagnostic reasoning
skills can be deemed to comprise shares of both field-specific and non-specific aspects (see
Hetmanek et al., 2018), which research may further investigate and disentangle.

However, one key obstacle in doing so is that the literature does not clearly distinguish
between different diagnostic reasoning skills. Instead, it is common to ascribe various
indicators to a broad and not fully defined plural of skills or competences (e.g., Heitzmann et
al., 2019; Herppich et al., 2018; llgen et al., 2012). One reason for this lack of conceptual
clarity in diagnostic reasoning skills might be the implicit nature of the cognitive processes,
which limits research to the assessment of indicators of observable processes and products
(Loibl et al., 2020). The processes of diagnostic reasoning are observed, for example,
regarding the performance of diagnostic activities (e.g., Wildgans-Lang et al., 2020; see
section 1.3.2), while the products of diagnostic reasoning can be assessed regarding the
achievement of aims, such as diagnostic accuracy (e.g., Fink, Heitzmann et al., 2021; see
section 1.3.1). Another typical approach to assess diagnostic reasoning is through the use of
verbalization (see Loibl et al., 2020); for example, in terms of thinking aloud or dialogue (e.qg.,
Csanadi et al., 2021), which can be recorded during the process, or in terms of assessing the
post-hoc explanations of a diagnosis as a product of diagnostic reasoning (e.g., Braun et al.,
2018; Rapanta & Felton, 2021).

However, ascribing non-verbal and verbal indicators to the same diagnostic reasoning
skills may be considered problematic in terms of the assumed distinction of the underlying
cognitive processing types (see section 1.4.2): While controlled information processing is
considered conscious and thus explicable, intuitive information processing is considered
unconscious (e.g., Evans, 2008). Accordingly, if diagnostic accuracy is achieved through
intuitive information processing, it is not necessarily a given that the resulting diagnosis will
be well explained in terms of verbalizing the previously processed information.

A second reason for non-verbal and verbal indicators not being ascribed to the same
diagnostic reasoning skills concerns epistemic aims (see Chinn et al., 2011; see also section

1.3.1), which go beyond achieving diagnostic accuracy in situations requiring verbalization.
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For example, in situations of collaborative diagnostic reasoning (Kiesewetter et al., 2017;
Radkowitsch et al., 2020), providing verbalized reasons is associated with aiming to achieve a
common understanding with others (Chinn et al., 2011; Mercier & Heintz, 2014) by means of
verbal sense-making, articulation, and persuasion (Berland & Reiser, 2009; Rapanta & Felton,
2021). Additionally, there are nonimmediate dialogical situations (see Walton, 1990), such as
documenting diagnostic reasoning, which, nonetheless, aim to explain one’s own
understanding and evoke understanding in others at a later point in time.

Therefore, this thesis differentiated diagnostic reasoning skills into the well-
established concept of diagnostic judgment (e.g., Loibl et al., 2020) and the novel concept of
diagnostic argumentation. Within this distinction, diagnostic judgment refers to interpreting
information about a diagnostic problem and integrating it into a diagnostic conclusion,
pursuing the aim to achieve diagnostic accuracy (see Heitzmann et al., 2019; Loibl et al.,
2020; Victor-Chmil, 2013). On the other hand, diagnostic argumentation refers to explaining
the interpretations about a diagnostic problem as well as the resulting diagnostic conclusions
comprehensibly and persuasively (see Berland & Reiser, 2009; Walton, 1990).

Drawing on the reasons related to cognitive processing and epistemic aims that are
considered non-specific to any field, distinguishing between diagnostic judgment and
diagnostic argumentation as different diagnostic reasoning skills may be relevant to both
medical education and teacher education. However, the assumed distinctiveness of diagnostic
judgment and diagnostic argumentation demanded empirical investigation, which was
addressed in the second study presented in this thesis (see study 2 in section 3, research
question 3).

1.4.4 Conceptualizing Diagnostic Argumentation: Justification, Disconfirmation, and
Transparency

Investigating diagnostic argumentation as a distinct diagnostic reasoning skill initially
requires a detailed and field-unspecific approach to conceptualizing diagnostic argumentation.
Considering the epistemic aim of achieving a common understanding (e.g., by means of
verbal sense-making, articulation, and persuasion; see section 1.4.3), diagnostic
argumentation should be conceptualized with respect to facets that contribute to facilitating a
potential recipient’s understanding and evaluation of diagnostic reasoning. In this regard, it
needs to be acknowledged that both the individual, who is engaging in diagnostic reasoning,
and the potential recipients are embedded in an epistemic community, one that might have its
own specific practices and standards of diagnostic reasoning and argumentation (see section

1.3.3). The different epistemic communities engaging in diagnostic reasoning are, however,
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embedded in a broader context of science, which is characterized by most widely
generalizable scientific practices and standards (see Jiménez-Aleixandre & Crujeiras, 2017;
Mercier & Heintz, 2014; Osborne, 2014). Therefore, field-specific standards in diagnostic
argumentation should comply with (or otherwise be reconsidered in reference to) the
fundamental norms and standards that have developed in the broader context of scientific
argumentation (e.g., Bricker & Bell, 2008; Mercier & Heintz, 2014; Sampson & Clark, 2008).

Scientific argumentation has been evaluated in reference to various conceptualizations
and frameworks (e.g., Kelly & Takao, 2002; Lawson, 2003; Sandoval & Millwood, 2005;
Schwarz et al., 2003; van Eemeren & Grootendorst, 2004; Zohar & Nemet, 2002), among
which especially the Toulmin argumentation pattern (Toulmin, 1958) gained wide acceptance
and foundational influence. The most common theme suggested by this framework is that
claims need to be justified by evidence to be comprehensible to any recipient (Hitchcock,
2005; Toulmin, 1958). Moreover, justifying a claim by providing evidence allows the
recipients to discuss the presented evidence and raise potential issues about the line of
reasoning. However, there are two further salient themes emerging from the literature of
scientific reasoning and argumentation: One of these themes emphasizes the relevance of
considering and disconfirming alternative explanations (e.g., Lawson, 2003). Similar to the
scientific approach of disconfirming alternative hypotheses (e.g., Gorman et al., 1984), the
argumentative approach of disconfirming alternative explanations offers additional support
for the explanation aimed to be presented as accurate or preferable in any way (see Lawson,
2003; Toulmin, 1958). The second theme emphasizes the role of methodological transparency
regarding the approaches and informational sources used to generate evidence (e.g., Fischer et
al., 2014). Explicating the methods and informational sources facilitates their critical
evaluation and, thus, the evaluation of the quality and persuasiveness of the presented
evidence and conclusions (see Bromme et al., 2018; Chinn & Rinehart, 2016).

In reference to the three identified themes in scientific argumentation, diagnostic
argumentation can be conceptualized and evaluated with respect to the three facets of
justification, disconfirmation, and transparency. Because these three facets resemble some
standards and practices involved in scientific argumentation, they should be well-suited to
contribute to a recipients’ understanding and persuasion in the context of diagnostic
argumentation. Justification in diagnostic argumentation refers to providing evidence for a
diagnosis (see Figure 1). Diagnoses resemble claims that need to be justified by making a
warranted connection to evidence generated about the diagnostic problem (see Hitchcock,

2005; Toulmin, 1958). Therefore, justifications in diagnostic argumentation present and
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evaluate evidence as a basis from which to draw conclusions about a diagnosis (see Fischer et
al., 2014; Heitzmann et al., 2019). Disconfirmation in diagnostic argumentation emphasizes
the role of discussing differential diagnoses. Attempting to reduce uncertainty, professionals
who engage in diagnostic reasoning might generate and evaluate hypotheses; that is,
differential diagnoses (Fischer et al., 2014; Heitzmann et al., 2019; Klahr & Dunbar, 1988).
Considering the full picture of available evidence, there might be clear differences in the
likelihood of an accurate diagnosis and the relevant differential diagnoses. However, the
differential diagnoses may still be considered alternative explanations in solving the given
diagnostic problem. Therefore, to demonstrate that alternative explanations have been
considered, the differential diagnoses should be explicated and discussed in diagnostic
argumentation (see Figure 1). Explicitly considering and disconfirming the differential
diagnoses as competing explanations facilitates the comprehensibility and persuasiveness of
the final diagnosis. In addition, the recipients can build on this information to evaluate and
criticize whether the relevant differential diagnoses have been missed or mistakenly rejected.
Transparency in diagnostic argumentation refers to describing the processes of evidence
generation (see Figure 1). Explicating how the evidence was generated offers information
about the reliability of the methodology and informational sources (Chinn et al., 2014; Fischer
et al., 2014). Therefore, transparency in diagnostic argumentation facilitates a recipient’s
understanding and evaluation of the quality of the evidence and, ultimately, the validity of the
diagnostic conclusions (see Bromme et al., 2018; Chinn & Rinehart, 2016; Vazire, 2017).
Figure 1

Underlying Framework of the Proposed Conception of Diagnostic Argumentation
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There are, however, several research questions that emerge with respect to the
presented conceptualization of diagnostic argumentation, all of which require further
investigation. First, considering the assumption that diagnostic practices of argumentation
may vary across different fields, research may explore how students from different fields
(such as teacher education and medical education) make use of justification, disconfirmation,
and transparency in their diagnostic argumentation (see study 2 in section 3, research question
1 for an exploration of justification, disconfirmation, and transparency in teacher education).

Second, it is unclear whether justification, disconfirmation, and transparency represent
distinct subskills or one joint underlying skill of diagnostic argumentation. One part of this
question concerns to what extent justification, disconfirmation, and transparency are based on
the same or different knowledge. As a diagnostic reasoning skill, diagnostic argumentation
involves the situational application of diagnostic knowledge. In particular, it involves
explicating diagnostic reasoning and problem-solving, for which conceptual and strategic
diagnostic knowledge are needed (e.g., for generating evidence from informational sources
and for making a warranted connection between the evidence and a diagnosis or several
differential diagnoses; Heitzmann et al., 2019). However, diagnostic argumentation
additionally aims to provide a comprehensible and persuasive presentation of diagnostic
reasoning, for which further knowledge and skills beyond conceptual and strategic diagnostic
knowledge may be necessary (see Hetmanek et al., 2018). Thus, research may explore the
interrelations between justification, disconfirmation, and transparency in diagnostic
argumentation and determine to what extent the three facets are explained by conceptual and
strategic diagnostic knowledge (see study 2 in section 3, research questions 1 and 2 for an
exploration of justification, disconfirmation, and transparency in teacher education).

Third, if the findings support the proposition of differentiating between judgment and
argumentation as two distinct diagnostic reasoning skills, there is a need to further investigate
which educational interventions are specifically suitable to support the learning of diagnostic
argumentation. Moreover, to determine the practical impact of differentiating diagnostic
reasoning skills for teaching, learning, and assessment purposes, it has to be investigated
whether learning interventions have differing effects on diagnostic argumentation and
diagnostic judgments. The matter of facilitating diagnostic reasoning skills in higher

education is addressed in the following section.
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1.5 Facilitating Diagnostic Reasoning Skills
1.5.1 Using Simulation-Based Learning in Higher Education

Research that aims to understand the variables and processes involved in diagnostic
reasoning ultimately aims to identify the potential for facilitating the learning and, thus, the
performance of diagnostic reasoning skills. To prepare future professionals to engage in
diagnostic reasoning in real professional settings (see Grossman et al., 2009), higher
education must foster knowledge encapsulation, script formation (see section 1.4.2), and the
situational application of diagnostic reasoning skills (see section 1.4.3). Research in medical
education and teacher education has addressed the question of how to learn diagnostic
reasoning skills in higher education: The findings suggest that it is highly beneficial to
confront future professionals with authentic diagnostic problems in the course of higher
education (Chernikova, Heitzmann, Fink et al., 2020). However, students’ access to real-life
practice and, consequently, the number and diversity of real-life encounters with diagnostic
problems are limited (Grossman et al., 2009; Heitzmann et al., 2019). Involving inexperienced
students in real-life practice is also associated with increased resource requirements (e.g.,
educators’ time investment in supporting students) and potential risks (e.g., concerning
patients’ health; Ziv et al., 2003). In both medical education and teacher education,
simulation-based learning was suggested as a promising approach for approximating practice
in higher education to familiarize students with everyday professional situations (Bradley,
2006; Grossman et al., 2009; Kaufman & Ireland, 2016).

Simulations are simplified but valid representations of professional situations that have
a set of features, which can be manipulated by learners (Heitzmann et al., 2019; Sauvé et al.,
2007). In higher education, digital simulations such as virtual patients (Cook et al., 2010)
have become increasingly popular (Gegenfurtner et al., 2014) because of their resource-
effectiveness and accessibility to large groups of learners. Designing a simulation allows the
presentation of specifically selected diagnostic problems and the functional adaptation of their
characteristics, such as reducing a problem’s complexity (see section 1.2). The option to adapt
diagnostic problems makes simulations a valuable tool not only for educational purposes but
also for researching diagnostic reasoning across and within different fields (Fink,
Radkowitsch et al., 2021).

Simulations are particularly beneficial not only for practicing everyday professional
situations but also for specifically focusing on infrequent or high-risk situations and
repeatedly practicing specific subsets of skills (De Coninck et al., 2019; Grossman et al.,
2009; Kaufman & Ireland, 2016; Ziv et al., 2003). Simulation-based learning is thus



21

considered well-suitable to foster diagnostic reasoning skills (Heitzmann et al., 2019) and
may be also regarded as well-suited to specifically practice diagnostic judgment and
diagnostic argumentation (see section 1.4.3). As meta-analytical findings indicate, simulation-
based learning exerts a large positive effect on diagnostic reasoning when compared to no
intervention (Chernikova, Heitzmann, Stadler et al., 2020; Cook et al., 2010; Cook et al.,
2011) and small to medium positive effects when compared to other types of instruction
(Cook et al., 2010; Cook et al., 2012). However, despite presenting simplified representations
of diagnostic problems and situations, simulation-based learning remains challenging for
learners. In particular, novice learners require support and feedback to cope with the
complexity of the simulated problems and effectively learn diagnostic reasoning skills
(Chernikova, Heitzmann, Fink et al., 2020; Cook et al., 2010; Cook et al., 2013; Wisniewski
et al., 2020).

Research has not investigated whether facilitating diagnostic judgment and diagnostic
argumentation in simulation-based learning requires different support and feedback to be
effective. For example, supporting learners to provide high-quality justifications in diagnostic
argumentation might require particularly elaborated feedback. Moreover, if research identifies
the differing effects of feedback or other support measures on the learning of diagnostic
judgment and diagnostic argumentation, these findings would emphasize the practical
relevance of differentiating diagnostic reasoning skills for teaching and learning purposes.
Whether simulation-based learning of diagnostic judgment and diagnostic argumentation
requires different feedback will be explored in the third study presented in this thesis (see
study 3 in section 4).

1.5.2 Automatic Adaptive Feedback in Simulation-Based Learning

Receiving feedback is considered crucial for maximizing the benefits of simulations in
learning complex skills such as diagnostic reasoning (Cook et al., 2010; Cook et al., 2013;
Scheuer et al., 2012). Feedback provides information about the aspects of a learner’s
performance or understanding, such as a correct task solution, corrective information about
the gap between the learner’s performance and the correct task solution, clarifying and
complementary information about a task, information about alternative strategies, or
encouragement (Hattie & Timperley, 2007). However, different types of feedback are
associated with varying benefits for different types of learning objectives. For example, task-
related feedback focuses solely on the information about correct task solutions and is
considered effective for facilitating simple and familiar tasks (i.e., they can be performed

using mainly intuitive information processing; see section 1.4.2; Hattie & Timperley, 2007;
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Narciss et al., 2014). However, to facilitate the performance of tasks that demand the
identification of causal relations through controlled information processing (see section 1.4.2),
elaborated feedback is needed, which offers information on how to appropriately process a
task (Cook et al., 2013; Hattie & Timperley, 2007; Narciss et al., 2014; Scheuer et al., 2012;
Wisniewski et al., 2020). Considering the learning of diagnostic judgment or diagnostic
argumentation, both diagnostic reasoning skills, since they can involve controlled information
processing, should benefit from elaborated feedback. However, diagnostic argumentation is
assumed to involve a higher necessity for controlled information processing, whereas
diagnostic judgment can partly rely on intuitive information processing (see sections 1.4.2 and
1.4.3). Therefore, the effects of elaborated feedback on diagnostic judgment and diagnostic
argumentation may vary.

Elaborated feedback on the appropriate or optimal processing of a task can be
implemented using different means. Often, elaborated feedback is implemented as static
feedback (i.e., non-adaptive feedback), for example, by presenting an expert solution, which
exemplifies the processing of the task and can be made available to all learners after they
submit their own attempts at solving the problem (e.g., Renkl, 2014). In doing so, an expert
solution can serve as a generic and thus a resource-efficient form of feedback in higher
education. Moreover, providing expert solutions as static feedback can be easily automated in
digital learning environments (e.g., in digital simulations). However, a disadvantage of any
form of static feedback is that learners need to compare their own task processing and solution
with the expert solution and identify areas for improvement by themselves. Since this
comparison confronts learners with large amounts of information, it can exceed learners’
working memory capacity and restrain their learning (Sweller et al., 2019).

In contrast to static feedback, adaptive feedback adjusts to a learner’s current task
processing and solution (see Plass & Pawar, 2020) by, for example, highlighting the gaps
between the current and desired performance or by providing additional explanation if
significant mistakes are detected (Bimba et al., 2017; Narciss et al., 2014; Plass & Pawar,
2020). Adaptive feedback can thus facilitate learners’ understanding of their current state of
knowledge and options for improvement and thus free the working memory capacity for the
actual learning processes (see Moreno, 2004; Narciss, 2008; Sweller et al., 2019). Therefore,
elaborated adaptive feedback may be particularly beneficial for learning skills, such as
diagnostic argumentation, that require identifying causal relations through controlled

information processing and are associated with high demands on working memory.
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However, providing adaptive feedback manually by analyzing learners’ task solutions
and writing detailed and elaborated feedback is an extremely resource-intensive task for
higher education teachers. Automating the analysis of learners’ task processing in digital
learning environments (e.g., in digital simulations) to provide automatic adaptive feedback to
numerous learners seems to be a potential solution. Prior research primarily explored the use
of closed format questions or log data, which can be assessed automatically by cognitive
tutors and intelligent tutoring systems (Graesser et al., 2018). However, providing automatic
adaptive feedback on diagnostic argumentation requires automating the analysis of verbal data
and, to this end, Natural Language Processing (NLP) can be employed, which uses methods
of artificial intelligence and machine learning to parse, analyze, and understand human
language (Manning & Schuetze, 2005). The recent advancements in the methods of artificial
intelligence and machine learning, namely artificial neural networks, offer new technical
capabilities that enable the analysis of complex verbal data (Li, 2018), such as diagnostic
argumentation, to be automated. NLP methods may thus be considered useful in automating
the detailed, real-time analyses of learners’ diagnostic argumentation to offer automatic
adaptive feedback without involving a human corrector (see Plass & Pawar, 2020). Some
initial evidence suggests, that using NLP to automate adaptive feedback on written
explanations can facilitate learners’ revision of their explanations, which was found to
enhance the quality of the learners’ justifications (Zhu et al., 2017; Zhu et al., 2020).

NLP-based automatic adaptive feedback may also increase the benefits of students’
simulation-based learning of diagnostic reasoning skills, especially regarding the quality of
justification in diagnostic argumentation. Therefore, the third study presented in this thesis
compared the effects of NLP-based automatic adaptive feedback and static feedback (i.e., an
expert solution) on the accuracy of diagnostic judgments and the quality of justifications in
diagnostic argumentation in the context of simulation-based learning (see study 3 in section 4,
research questions 1 and 3).

1.5.3 Social Form of Learning in Simulation-Based Learning

Simulation-based learning can be implemented in different learning settings. In
particular, the social form of learning can be varied: learners can solve diagnostic problems in
simulation-based learning individually or collaboratively (see Chi, 2009). Collaborative
learning refers to two or more individuals’ coordinated and synchronous engagement in
learning activities, thereby exerting mutual influence on each other’s learning (see O’Donnell
& Hmelo-Silver, 2013; Roschelle & Teasley, 1995). Collaborative learning often involves

collaborative problem-solving, which is characterized by the shared goal of collectively
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finding a problem solution (see Dillenbourg et al., 2009; Hmelo-Silver & DeSimone, 2013;
Roschelle & Teasley, 1995). Research on collaborative learning found that using simulations
as a learning environment is highly effective when compared to other technologically
supported learning environments (Jeong et al., 2019).

Collaborative simulation-based learning of diagnostic reasoning skills involves
collaborative learning and collaborative problem-solving by letting learners solve diagnostic
problems together, thus making them engage in collaborative diagnostic reasoning (see
Kiesewetter et al., 2017; Radkowitsch et al., 2020). Collaborative diagnostic reasoning
requires learners to explicate and exchange reasons while they are engaged in solving a
diagnostic problem. This in-process diagnostic argumentation might facilitate post-hoc
diagnostic argumentation, that is, the comprehensible and persuasive explanation of the
diagnostic conclusions (see section 1.4.3). Evidence concerning collaborative problem-
solving suggests that collaborative learners reflect more on hypotheses and evidence when
solving diagnostic problems, whereas individual problem-solvers were found to be rather
solution-oriented (Csanadi et al., 2021; Okada, 1997). Learning partners can benefit from
being challenged by each other’s questions, which motivates reflection about unexplored
perspectives (Asterhan & Schwarz, 2009; Roscoe & Chi, 2008). In addition, research has
found that learners can critically evaluate others’ arguments better than their own arguments
(Mercier & Sperber, 2017). Critically evaluating and reconciling different arguments within
collaborative diagnostic reasoning might facilitate not only diagnostic argumentation but also
accurate diagnostic judgments. Collaborative simulation-based learning thus seems to offer
further potential for facilitating the learning of diagnostic reasoning skills (Scheuer et al.,
2012).

Another assumed benefit of collaborative learning and problem solving is that learners
receive additional feedback from their learning partners (see Weinberger et al., 2010).
Collaborating learners evaluate each other’s arguments, adaptively correct each other, and fill
each other’s knowledge gaps. Therefore, the need for adaptive feedback in simulation-based
learning of diagnostic reasoning skills might interact with the social form of learning, in that
the collaborative learners’ need for adaptive feedback in diagnostic reasoning might be lower
compared to that of individual learners.

However, two meta-analyses suggested that research findings concerning collaborative
simulation-based learning are mixed (Cook et al., 2012; Cook et al., 2013). Moreover, there is
evidence that collaborative learners also significantly benefit from receiving adaptive
feedback (Chuang & O’Neil, 2013; Hsieh & O’Neil, 2002). Besides the potential benefits for
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learning, collaboration involves transaction costs associated with interacting, communicating,
and coordinating (Kirschner et al., 2009). The collaborative activities can demand additional
working memory capacity, characterized as collaboration load (Janssen & Kirschner, 2020),
so that less working memory capacity is available for the actual task performance and
learning processes (see Sweller et al., 2019). The collaboration load might restrain the
learning of complex skills that specifically demand controlled information processing and are
associated with high demands on the working memaory, such as diagnostic argumentation (see
section 1.4.3).

The need for feedback and thus the effects of the different kinds of feedback might
differ depending on whether learners learn individually or collaboratively. However,
considering the contrasting findings and theoretical assumptions regarding the benefits and
costs of collaboration, the direction of a potential interaction effect between the social form of
learning and the need for feedback in the simulation-based learning of diagnostic reasoning
skills is unclear. Moreover, whether the effects differ with respect to facilitating diagnostic
judgment or diagnostic argumentation is an open question. These questions are addressed in
the third study presented in this thesis (see study 3 in section 4, research questions 2 and 4).
1.6 General Research Questions, Methodological Considerations, and Outline of the
Studies

This thesis describes research that aimed to contribute to (a) developing a more cross-
disciplinary research perspective on diagnostic reasoning, (b) integrating and refining the
existing understanding of the relevant skills, and (c) presenting approaches to facilitate their
learning. In explaining the theoretical foundations of this thesis, several task-related,
epistemically grounded, and cognitively related reasons have been introduced, which explain
why and in which regard different fields — medical education and teacher education, in
particular — may be comparable or limited in their comparability with respect to diagnostic
reasoning. One initial constraint in researching diagnostic reasoning across different fields is
the differences in diagnostic problems, which can be evaluated in terms of several
characteristics, such as content area, exemplarity, complexity, and required activities (see
section 1.2). Diagnostic reasoning research should consider variations in the characteristics of
diagnostic problems across different fields and, if possible, try to match the characteristics of
the diagnostic problems when comparing, for example, the epistemic processes across
different fields. Comparing the epistemic processes can be done by referring to epistemic
aims (Chinn et al., 2011; see section 1.3.1), diagnostic activities (Fischer et al., 2014; see

section 1.3.2), and diagnostic practices ( Bauer et al., 2020; see section 1.3.3), which may
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provide particular insights into the diagnostic reasoning of different fields. Therefore, the first
study compared diagnostic activities and diagnostic practices across medical education and
teacher education.

Moreover, the differences and similarities in the cognitive aspects of diagnostic
reasoning have been elaborated. On the one hand, diagnostic knowledge (Foértsch et al., 2018)
was considered as a field-specific basis for diagnostic reasoning (see section 1.4.1). On the
other hand, cognitive processing was considered non-specific to any field (see section 1.4.2),
which implies that respective research findings may be considered transferable across
different fields (while considering the characteristics of the researched individuals as well as
diagnostic problems and situations). A rationale was provided as to why and how diagnostic
reasoning skills may be differentiated into diagnostic judgment (which aims to achieve
diagnostic accuracy; e.g., Loibl et al., 2020) and the newly defined conceptualization of
diagnostic argumentation (see section 1.4.3), additionally suggesting that this differentiation
may be relevant to both fields of medical education and teacher education. To further
elaborate on the idea of diagnostic argumentation, a conceptualization of diagnostic
argumentation was introduced, including the three facets of justification, disconfirmation, and
transparency (see section 1.4.4). The three facets were suggested to resemble some standards
and practices involved in scientific argumentation and thus should be relevant to diagnostic
argumentation in different fields, such as teacher education and medical education. Using
teacher education as the context for initial investigation, the idea of distinguishing diagnostic
judgment and diagnostic argumentation as two different diagnostic reasoning skills was
empirically investigated in a second study, which also explored the three facets in diagnostic
argumentation.

How diagnostic judgment and diagnostic argumentation may be facilitated using
approaches of simulation-based learning (e.g., Chernikova, Heitzmann, Fink et al., 2020),
adaptive feedback (e.g., Bimba et al., 2017) and collaborative learning (e.g., Csanadi et al.,
2021) was discussed as well. In that regard, it is particularly interesting whether the proposed
learning interventions exert differing effects on diagnostic argumentation and diagnostic
judgments, which would support the assumption that differentiating diagnostic reasoning
skills has a practical impact on the teaching, learning, and assessment of diagnostic reasoning.
Therefore, a third study investigated the effects of the proposed approaches on the diagnostic

accuracy of diagnostic judgments and the quality of justification in diagnostic argumentations.
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The following sections offer a brief overview of the three studies regarding the
investigated research questions as well as the considerations concerning the particular
methodological approaches.

1.6.1 Outline of Study 1

To develop a more cross-disciplinary research perspective on diagnostic reasoning,
research on epistemic processing in diagnostic reasoning across different fields was proposed
(see section 1.3). In particular, researching diagnostic activities (see section 1.3.2) and
diagnostic practices (see section 1.3.3) may result in not only new insights about similarities
but also differences in terms of field-related specifics in epistemic ideals, standards, and
processes (see Chinn et al., 2014). Therefore, the first study aimed to compare diagnostic
activities and diagnostic practices in medical education and teacher education. The research
questions were as follows:

RQ1: To what extent do learners’ diagnostic activities differ between medical education and
teacher education?

RQ2: To what extent do learners’ diagnostic practices differ between medical education and
teacher education?

To explore diagnostic practices in terms of the collective patterns of diagnostic
activities, the novel method of Epistemic Network Analysis (ENA) was used (ENA; Shaffer,
2017). ENA is specifically designed for exploring and comparing individual and collective
patterns of epistemic processing. Its algorithm analyzes the co-occurrences of specific
instances (such as diagnostic activities) in a pre-defined temporal context (such as a moving
window of two sentences within a diagnostic argumentation; see Siebert-Evenstone et al.,
2017) and creates networks based on the relative frequencies of the observed co-occurrences
within the data. In doing so, the method provides an opportunity to explore the collective
patterns of diagnostic activities as diagnostic practices and compare them across medical
education and teacher education.

However, research across different fields can be affected by differences in the
characteristics of diagnostic problems (see section 1.2), which can systematically influence
diagnostic reasoning (e.g., systematic differences in the diagnostic activities required to solve
the diagnostic problems). Diagnostic problems can be compared in terms of several
characteristics — content area, exemplarity, complexity, and required activities — that can
affect diagnostic reasoning and should be considered when researching diagnostic reasoning
across different diagnostic problems. Therefore, the research in this thesis used digital

simulations of diagnostic problems for researching diagnostic reasoning across medical
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education and teacher education (see Appendix A for more information about the simulation-
based learning environment). Using simulations for researching diagnostic reasoning across
different fields allows the presentation of specifically selected diagnostic problems and the
functional adaptation of their characteristics (Fink, Radkowitsch et al., 2021; see section 1.2).
For the current research, two sets of simulated diagnostic problems were designed: In medical
education, the students were confronted with diagnostic problems concerning patients having
fever or back pain (e.g., because of a hepatitis A virus infection or an ankylosing spondylitis).
In teacher education, the students were confronted with diagnostic problems concerning
problems of pupils having deficits in reading and writing or behavioral problems, which had
to be distinguished as clinically relevant (e.g., because of dyslexia or ADHD) or not clinically
relevant (e.g., drop in school performance because of a visual impairment or inattentiveness
because of emotional stress induced by family conditions; see Appendix A for more
information about the two sets of diagnostic problems). These sets of diagnostic problems
were selected and designed to achieve a comparatively high degree of matching in terms of
complexity and required activities. For example, both the learning environments presented
diagnostic problems with a matched structure: An initial problem statement concerning a
virtual patient or pupil was presented so that the diagnostic activity of identifying problems
was not required. Next, the students had to generate evidence by accessing several
informational sources, such as the results of different examinations and tests in medical
education, and in teacher education the reports of observations from inside and outside of the
classroom, and the samples of the pupils’ written exercises and school certificates. The
students had to generate hypotheses and evaluate evidence to draw conclusions and solve the
diagnostic problem. Moreover, both sets of diagnostic problems were considered to involve
high degrees of accountability and responsibility, thus inducing a high situational epistemic
value of achieving the epistemic aim of diagnostic accuracy (see section 1.3.1). The matched
design of the simulated diagnostic problems might be considered as increasing the degree of
functional comparability of the observed diagnostic activities and diagnostic practices across
the two fields (see section 1.3.2).
1.6.2 Outline of Study 2

To integrate and refine the existing understanding of diagnostic reasoning skills, the
thesis proposed to distinguish diagnostic judgment and diagnostic argumentation as two
different diagnostic reasoning skills (see section 1.4.3). However, introducing the
conceptualization of diagnostic argumentation, including the three facets of justification,

disconfirmation, and transparency posed several questions (see section 1.4.4). In particular,
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the idea of distinguishing diagnostic reasoning skills with respect to diagnostic judgment and
diagnostic argumentation required empirical investigation. Moreover, the three facets required
exploration concerning whether the three facets represent distinct subskills or one joint
underlying skill of diagnostic argumentation. In this regard, the degree to which justification,
disconfirmation, and transparency are based on the same or different knowledge is
particularly relevant. Because conceptual and strategic diagnostic knowledge are thought to
be a major basis for the reasoning presented in diagnostic argumentation, they might also be
important for explaining the performance differences regarding justification, disconfirmation,
and transparency in diagnostic argumentation. However, apart from explicating prior
reasoning, diagnostic argumentation additionally aimed to offer a comprehensible and
persuasive presentation of the identified reasons for which further knowledge and skills
beyond conceptual and strategic diagnostic knowledge may be relevant (see Hetmanek et al.,
2018). Therefore, another matter of investigation was the extent to which conceptual
diagnostic knowledge and strategic diagnostic knowledge each contribute to explaining
variance in justification, disconfirmation, and transparency in diagnostic argumentation.
These open questions were empirically investigated in the second study. For this
purpose, teacher education was selected as the context for the initial investigation, yet
suggesting that the introduced conceptualization and research questions are relevant to both
fields of medical education and teacher education. The text data collected for the first study in
teacher education was reanalyzed (see Appendix B for information about the coding of the
text data); further, preservice teachers’ prior conceptual and strategic diagnostic knowledge as
well as the diagnostic accuracy of their diagnostic judgments were also analyzed. The second
study investigated the following research questions:
RQ1: Do justification, disconfirmation, and transparency represent distinct subskills or are
they indicators of one joint underlying diagnostic skill?
RQ2: To which extent are justification, disconfirmation, and transparency based on
conceptual diagnostic knowledge and strategic diagnostic knowledge?
RQ3: Do diagnostic judgment and diagnostic argumentation represent different diagnostic
reasoning skills?
1.6.3 Outline of Study 3
To present and investigate approaches to facilitate the learning of diagnostic reasoning
skills, the third study addressed the effects of adaptive feedback (e.g., Bimba et al., 2017) and
collaborative learning (e.g., Csanadi et al., 2021) in the simulation-based learning of

diagnostic reasoning skills (e.g., Chernikova, Heitzmann, Stadler et al., 2020). It compared
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the effects of automatic adaptive feedback vs. static feedback (i.e., expert solutions) in
simulation-based learning on the accuracy of diagnostic judgment and the quality of
justification in diagnostic argumentation. It also addressed the potential interaction effects of
the type of feedback with the social form of learning, in terms of individual vs. collaborative
learning. Automatic adaptive feedback and collaborative learning were assumed to facilitate
accurate diagnostic judgment and high-quality justification in diagnostic argumentation.
However, there may also be variations in the result patterns of the two diagnostic reasoning
skills; for example, higher benefits for diagnostic argumentation compared to diagnostic
judgment (see section 1.5.2). The study addressed the following research questions:

RQ1: Is automatic adaptive feedback more effective than static feedback in fostering

(RQ1a) learners’ diagnostic accuracy?

(RQ1b) learners’ quality of justification?

Automatic adaptive feedback was hypothesized to be more effective than static

feedback in fostering learners’ diagnostic reasoning skills (see Zhu et al., 2017; Zhu et

al., 2020; Hypothesis 1a for diagnostic accuracy; 1b for the quality of justification).
RQ2: Isthere an interaction of the social form of learning and the type of feedback on

(RQ2a) learners’ diagnostic accuracy?

(RQ2b) learners’ quality of justification?

The social form of learning and the type of feedback were hypothesized to interact

concerning the effects on diagnostic reasoning skills (Hypothesis 2a for diagnostic

accuracy; 2b for the quality of justification).

As part of this study, an NLP-based algorithm was developed and used to implement
automatic adaptive feedback in a simulation-based learning environment. Implementing such
NLP-based systems initially requires training data. Manually coded text data of 118
preservice teachers who had participated in the first study (Bauer et al., 2020; see Appendix B
for information about the coding schemes), was used to train the NLP algorithm. The
algorithm learned from the training data to automatically analyze the preservice teachers’
written task solutions and identify the included diagnostic entities (evidences and diagnoses)
and diagnostic activities (hypothesis generation, evidence generation, evidence evaluation,
and drawing conclusions; see Heitzmann et al., 2019). Further details on training the NLP
algorithm to detect diagnostic activities were described by Schulz et al. (2019). Moreover, a
technical description of the full feedback system was provided by Pfeiffer et al. (2019). After
the algorithm was implemented in the simulation-based learning environment, the students

could submit their written task solution and receive in-time automatic adaptive feedback



31

comprising predefined feedback elements, which the system selected based on the identified
diagnostic entities and diagnostic activities (see study 3 in section 4). Further information on
the feedback is available in Appendix D.
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In this article, we investigate diagnostic activities and diagnostic practices in medical
education and teacher education. Previous studies have tended to focus on comparing
knowledge between disciplines, but such an approach is complicated due to the
content specificity of knowledge. We compared 142 learners from medical education
and 122 learners from teacher education who were asked to (a) diagnose eight
simulated cases from their respective discipline in a simulation-based learning
environment and (b) write a justificatory report for each simulated case. We coded
all justificatory reports regarding four diagnostic activities: generating hypotheses,
generating evidence, evaluating evidence, and drawing conclusions. Moreover, using
the method of Epistemic Network Analysis, we operationalized diagnostic practices
as the relative frequencies of co-occurring diagnostic activities. We found significant
differences between learners from medical education and teacher education with
respect to both their diagnostic activities and diagnostic practices. Learners from
medical education put relatively more emphasis on generating hypotheses and drawing
conclusions, therefore applying a more hypothesis-driven approach. By contrast,
learners in teacher education had a stronger focus on generating and evaluating
evidence, indicating a more data-driven approach. The results may be explained by
different epistemic ideals and standards taught in higher education. Further research
on the issue of epistemic ideals and standards in diagnosing is needed. Moreover,
we recommend that educators think beyond individuals’ knowledge and implement
measures to systematically teach and increase the awareness of disciplinary standards.

Keywords: diagnostic activities, diagnostic practices, medical education, teacher education, interdisciplinary
research

INTRODUCTION

Interdisciplinary research involves various challenges, for example, the comparability of specific
variables. In this article, we refer to a framework of diagnostic activities (Fischer et al., 2014;
Heitzmann et al., 2019) that was applied to compare learners’ diagnostic assessments within
two disciplines (i.e., medical education and teacher education). We aim to investigate diagnostic

Frontiers in Psychology | www.frontiersin.org 1

October 2020 | Volume 11 | Article 562665



Bauer et al.

activities in these disciplines and explore their conceptual
integration into diagnostic practices. Hereby, we also seek to
facilitate future interdisciplinary research on diagnostic practices
and the learning of diagnostic activities.

Facilitating diagnostic skills in higher education is an
important objective in many disciplines (e.g., Chernikova et al.,
2020). This is certainly the case in medical education, which
focuses on training future physicians in the assessment of patient
symptomology. Similarly, future teachers’ professional challenges
include diagnosing students’ performance, progress, learning
difficulties such as behavioral and learning disorders, or other
learning prerequisites (Reinke et al., 2011). Independent of the
discipline, we broadly define diagnosing as “a process of goal-
oriented collection and integration of case-specific information
to reduce uncertainty in order to make medical or educational
decisions” (Heitzmann et al., 2019, p.4).

Professional knowledge is a crucial prerequisite for
diagnosing (Blomeke et al., 2015). There are numerous
models conceptualizing professional knowledge (e.g., Shulman,
1987; Kopp et al., 2009; Charlin et al., 2012), e.g., in terms of
content like biological knowledge in medicine (Charlin et al.,
2012) and pedagogical knowledge in teaching (Shulman, 1987).
Research has even suggested that professional knowledge in
diagnostic reasoning may not only be discipline-specific but
case-specific, since abstract types of e.g., strategic knowledge
(Kopp etal., 2009) do not seem to transfer well across cases (e.g.,
Wimmers et al., 2007; Schwartz and Elstein, 2009). A recently
proposed interdisciplinary perspective on professional diagnostic
knowledge integrated conceptualizations in medical education
and teacher education into an interdisciplinary model with the
two dimensions of content-related facets and abstract types
of knowledge (Fortsch et al., 2018). The model acknowledges
that the issue of content-specificity also affects abstractions
like types of professional knowledge, and thus emphasizes
limited comparability of professional diagnostic knowledge
across disciplines.

We argue nonetheless that interdisciplinary research in
diagnosing may still benefit from a more abstracted level of
observation, namely: diagnostic practices. We build on the
idea of epistemic practices, which are defined as “the specific
ways members of a community propose, justify, evaluate, and
legitimize knowledge claims within a disciplinary framework”
(Kelly, 2008, p. 99). Epistemic practices involve community-
specific or discipline-specific epistemic aims (e.g., that a claim
is justified), epistemic ideals (standards and criteria to assess
the achievement of aims, e.g., that the evidence supports the
claim and disconfirms competing claims), and processes that
are considered reliable (e.g., disconfirming competing claims;
Duncan and Chinn, 2016). Transferring the idea of epistemic
practices into the context of diagnosing, we define diagnostic
practices as systematic approaches that are applied to collect and
integrate case-specific information to reduce uncertainty, and to
make and communicate informed and justifiable decisions in
a professional situation (Kelly, 2008; Heitzmann et al., 2019).
We assume that diagnostic practices within disciplines may
involve specificities concerning their epistemic aims, ideals and
processes (Duncan and Chinn, 2016), e.g.,, the standards for
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justifying a diagnosis. Therefore, comparing diagnostic practices
across disciplines may improve our understanding and facilitate
future research.

To conceptualize diagnostic practices across different
disciplines, we refer to underlying diagnostic activities such as
generating hypotheses, generating evidence, evaluating evidence,
and drawing conclusions (Fischer et al., 2014; Heitzmann et al,,
2019; see Supplementary Material section “Supplementary
Hlustration of the Framework of Diagnostic Activities” for
further details). The activities framework has been investigated
in different disciplines, e.g., social work education (Ghanem
etal., 2018), teacher education (Csanadi et al., 2018), and medical
education (Lenzer et al, 2017). We assume, that although
concrete hypotheses, evidence, and conclusions are specific, the
epistemic purpose of these diagnostic activities is conceptually
transferable across disciplines (Hetmanel et al., 2018): Although
different hypotheses are appropriate for different diagnostic
cases, the activity of generating hypotheses holds the purpose
of identifying potential explanations, which may require further
investigation. Thus, in investigating diagnostic activities, the
case-specific content may be less important compared to
characteristics concerning the structure of cases (e.g., the form
and amount of potentially available evidence).

As a starting point in investigating diagnostic practices,
we can interpret and integrate disciplinary conceptualizations
used in previous research in terms of diagnostic activities:
In medical education, research has focused in particular on
process characteristics of diagnostic reasoning (e.g., Coderre
et al, 2003; Norman, 2005 Mamede and Schmidt, 2017).
Several studies found that medical students conform to a
diagnostic practice, which was characterized as hypothesis-driven
approach: Students generated different hypotheses and evaluated
evidence accordingly to draw conclusions about their initial
hypotheses (e.g., Coderre et al., 2010; Kiesewetter et al., 2013).
The hypothesis-driven approach reflects an epistemic ideal of
differential diagnosing, which is considered a reliable process
in medicine and is thereby taught in medical education (see
Duncan and Chinn, 2016). However, research has also found that
some medical students exhibit a data-driven approach instead,
which focuses on generating and evaluating evidence without
considering specific hypotheses or integrating evidence into
conclusions (e.g., Grisel and Mandl, 1993; Norman et al., 2007;
Kiesewetter et al., 2013).

In teacher education, research has mostly conceptualized
diagnostic practices in terms of professional vision (Goodwin,
1994). Two subcomponents of professional vision have
been distinguished: noticing, which includes identifying
problems and generating hypotheses, and reasoning, which
comprises describing, explaining, and predicting (e.g., Seidel
and Stirmer, 2014). Describing refers to reporting generated
evidence. Explaining means evaluating evidence in reference to
professional knowledge. Therefore, describing and explaining
both focus on evidence and seldom involve generating
hypotheses or drawing conclusions, both of which point to
predicting consequences of observations. Research indicates that
expert teachers integrate describing, explaining, and predicting
into their diagnostic practice (Seidel and Prenzel, 2007).
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However, describing seems to be a prevailing aspect, while the
use of predicting is more variant (Stiirmer et al., 2016).

Given that work surrounding diagnostic assessment has
primarily emerged from the disciplines of medical education and
teacher education, we aimed to compare and integrate these two
theoretical approaches with respect to diagnostic activities and
diagnostic practices. Specifically, we operationalized diagnostic
practices as the co-occurrence of diagnostic activities, which we
investigated via the use of Epistemic Network Analysis (ENA)
(Shaffer, 2017). The research questions are as following:

RQ1l: To what extent do learners diagnostic activities differ
between medical education and teacher education?

RQ2: To what extent do learners diagnostic practices differ
between medical education and teacher education?

METHOD
Participants

A total of 142 medical students and 122 pre-service teachers
participated in two matched data collections. Medical students
were in their 5th to 11th semester (M = 8.15; SD = 1.82). Their
mean age was M = 24.41 (SD = 2.89). A total of 102 were women
and 40 were men. Pre-service teachers were in their 1st to 13th
semester (M = 4.55; SD = 3.40), were on average M = 22.96 years
old (SD = 4.10), and were mostly women (106 women; 15 men;
1 non-binary). Since half of the sample in teacher education
was in their Ist to 4th semester, we defined a subsample of
students in teacher education in the 5th or a higher semester
for additional subsample analyses (see Supplementary Material
section “Supplementary Subsample Analyses”).

Materials

We developed simulation-based learning environments for
medical education and teacher education, using the authoring
tool CASUS (Hege et al, 2017). Both learning environments
included eight cases with a parallel structure: The cases began
with an initial problem concerning a virtual patient or student.
Next, learners could freely choose to access several informational
sources in any sequence. Learners solved two tasks in each of
the eight cases: First, they provided a diagnosis of the virtual
patient or virtual student’s problem; second, they had to write
a justificatory report, after being prompted, to justify their
diagnosis by indicating how they approached and processed the
case information.

The medical education cases presented virtual patients with
symptoms of fever and back pain. Medical students were asked
to take over the role of a general practitioner. After reading
the initial problem statement, where the patient revealed his or
her reason for seeing a physician, learners accessed the patient’s
history and had the option to access the results of different
examinations and tests, e.g., physical examination, laboratory,
X-ray, ECG.

In the teacher education cases, we asked pre-service teachers
to take over the role of a teacher who was encountering a student
with some initial performance-related or behavioral problems

Diagnostic Activities and Diagnostic Practices

that might even be clinically relevant, e.g., ADHD or dyslexia.
We chose these topics because they are relevant for teachers
and at the same time entail structural similarities to medical
cases. After reading the initial problem, the learners could access
informational sources such as reports of observations from
inside and outside of the classroom as well as transcripts of
conversations with the student, the parents, and other teachers.
Moreover, participants could explore samples of the student’s
written exercises and school certificates.

For further details on the learning environment and the cases
used, see Supplementary Material sections “Supplementary Case
Materials for Medical Education” and “Supplementary Case
Materials for Teacher Education.”

Procedure

The data collection was computer-based and took place in
a laboratory setting. We introduced participants to the aims,
scope, and procedure of the study and familiarized them with
the materials. Next, participants entered the simulation-based
learning environment that was designed for their field of study.
After giving informed consent to participate in the study, they
had to answer a knowledge pretest that took up to 35 min.
Afterward, they entered the learning phase, consisting of the eight
simulated cases of their respective discipline. Time on task for
all cases was M = 45.1 min (SD = 12.2) in medical education
and M = 51.8 min (SD = 16.5) in teacher education. After four
cases, participants took a break of 10 min before continuing with
the second part of the learning phase and solving cases five to
eight. Subsequently, they had to answer a knowledge posttest,
which again took up to 35 min. Finally, participants received
monetary compensation.

Data Sources and Instruments

For this paper, we analyzed only the text data from the
justificatory reports that all learners wrote for the eight simulated
cases. Participants wrote the justificatory reports in an empty
text field, right after indicating their diagnosis for each case.
There was no template or additional support apart from the
standardized prompt to justify the diagnosis by indicating how
they approached the case and how they processed the case
information. The overall data set used in this paper consisted
of 1,136 justificatory reports written by the 142 medical students
(average number of words per report M = 57.4; SD = 32.6) and
976 justificatory reports written by the 122 pre-service teachers
(average number of words per report M = 89.6; SD = 53.2).

Diagnostic Activities

We coded the two sets of justificatory reports on four diagnostic
activities: generating hypotheses, generating evidence, evaluating
evidence, and drawing conclusions. Table 1 presents definitions
and examples of the four codes. We developed a coding scheme
applicable for medical education and teacher education. Coding
and segmentation were done simultaneously to account for
overlap in the activities as well. In both disciplines, the raters
were first to second year doctoral students and student assistants
(minimum 6th semester) from the respective fields. All raters
were blind to this study’s research questions. Raters did four

]
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TABLE 1 | Definitions, examples, and inter-rater reliabilities (IRRs indicated as Krippendorif's ay) for the four codes: generating hypotheses, generating evidence,

evaluating evidence, and drawing conclusions.

Medical education Teacher education

Code Definition Example IRR Example IRR
Generating Explicit collection of different potential | believe this is a case of 0.60 The initial information makes me think of 0.43
hypotheses diagnoses or pointing to one diagnosis nerve ertrapment. impaired vision, a reading disorder, or

involving expressed insecurity, e.q9., using emaotional problems as potential

conjunctive mood. explanations for Annika’s issues.
Generating Explicit description of accessing informational Subsequently, | looked at 0.65 | observed Anna’s school-related 0.56
avidence sources, e.g., tests, interviews, or observations.  the MRl and X-ray. behavior and achievement.
Bvaluating Explicit listing and/or interpretation of separate  Among other results, the 075 Markus behaves aggressively and gets 075
evidence case information. patient has an increased offended very easily.

CRP and leukocytosis.

Drawing Explicit conclusion or rejection of at least one The patient clearly has 0.65 Consequently, | rejected the diagnosis of 0.49
conclusions diagnosis. tonsilitis involving a fever. ADHD.

rounds of joined coding training, starting with 20 reports and
increasing the number in every round of training. To evaluate
inter-rater reliability (IRR), five raters in medical education and
four in teacher education coded 150 reports for the respective
project (13% of the data set in medical education; 15% in teacher
education). The overall IRR for the simultaneous segmentation
and coding was Krippendorft’s ayy = 0.67 in medical education
and apy = 0.65 in teacher education (see Table 1), which we
consider as satisfactory. For the analyses, we calculated the
share of diagnostic activities within medical education and
teacher education, respectively, as the percentages of the different
diagnostic activities relative to the overall amount.

Diagnostic Practices

We operationalized diagnostic practices as the co-occurrences
of diagnostic activities in the justificatory reports, using
the method of ENA (Shaffer, 2017). The ENA algorithm
analyzes co-occurring diagnostic activities within a moving
window of two sentences (Siebert-Evenstone et al, 2017).
Therefore, subsequent to the coding, we determined presence
or absence of the four diagnostic activities per sentence. We
accumulated the co-occurrences and created one network graph
per discipline. In the network graphs, the colored edges refer
to co-occurrences between diagnostic activities, with thickness
indicating their relative frequencies. Relative frequencies of co-
occurring activities allowed us to draw inferences about the
general diagnostic practices of each discipline. Additionally, a
comparison graph (i.e., showing only the difference between both
graphs), allowed us to isolate the differences between the two
disciplines’ diagnostic practices.

We also centered the networks and created one centroid
per learner as well as per discipline. The centroids’ position
is relative to the co-occurrences between diagnostic activities
in the respective network. On the level of single learners, the
representation of centroids can be used to depict the learners’
distribution within the network space, which can be interpreted
as an indicator of interindividual heterogeneity in diagnostic
practices. On the level of disciplines, we can consider centroids
as group means. ENA enables statistical testing of the group
differences in overall diagnostic practices between learners in

medical education and teacher education. To facilitate the testing
of the group differences, we used the option of means rotation,
which aligns the two disciplines’ group means on the X-axis, thus
depicting systematic variance on only one dimension.

Statistical Analyses

To address RQI, the extent to which diagnostic activities differ
between learners from medical education and teacher education,
we calculated t tests for independent samples, one test per
diagnostic activity, using Bonferroni-adjusted alpha levels of
a = 0.0125 per test (¢ = 0.05/4). To statistically test RQ2,
differences in diagnostic practices between learners from medical
and teacher education, we used an independent-samples t test as
well, comparing the two group means from the two disciplines’
ENA networks at an alpha level of @ = 0.05. If Levene’s
test indicated unequal variances, we adjusted the degrees of
freedom accordingly.

RESULTS

Comparing the two disciplines, there was a significant difference
regarding the number of semesters studied (medical education
M = 8.15; SD = 1.82; teacher education M = 4.55; SD = 3.40),
t(173) = 1035, p < 0.001, Cohen’s d = 2.75. Therefore,
we analyzed the relation with the percentages of diagnostic
activities within the disciplines. There was no significant
correlation found between number of semesters studied and
the percentages of the different diagnostic activities (for details
see Supplementary Material section “Supplementary Results
of a Correlation Between Semesters Studied and Number of
Diagnostic Activities”). However, to ensure that the number of
semesters studied did not bias the results, we performed the
following analyses not only with the full sample as reported
in the following sections, but a second time, comparing
learners from medical education to the specified subsample
of learners from teacher education in their 5th or a higher
semester (see Supplementary Material section “Supplementary
Subsample Analyses”).
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Diagnostic Activities in Medical
Education and Teacher Education (RQ1)

In both disciplines, evaluating evidence was clearly the most
prominent activity found in the justificatory reports with a
share of more than half of the diagnostic activities found in the
reports (medical education M = 60.96%; SD = 10.24%; teacher
education M = 66.08%; SD = 17.02%). The difference in the
relative frequencies for evaluating evidence was significant with
a small effect size [£(192) = 2.91, p = 0.004, Cohen’s d = 0.37].
We found that in medical education, the share for generating
hypotheses was about twice as high (M = 16.26%; SD = 7.96%)
as in teacher education (M = 8.37%; SD = 6.41%). This
difference was significant with a large effect size [#(261) = 8.92,
p < 0.001, Cohens d = 1.08]. By contrast, the share for
generating evidence was about twice as high in teacher education
(M =13.74%; SD = 14.81%) as in medical education (M = 6.79%;
SD = 8.26%), and this was also significantly different with
a medium-sized effect [£(183) = 4.60, p < 0.001, Cohen’s
d = 0.59]. In medical education, we also found a significantly
higher share for drawing conclusions (M = 15.99%; SD = 6.39%)
than in teacher education (M = 11.82%; SD = 6.83%), with
a medium effect size [£(262) = 5.13, p < 0.001, Cohen’s
d=0.63].

Comparing medical education with the specified subsample
from teacher education (see section “Participants”), the
results show the same results pattern (for detailed results see
Supplementary Material section “Supplementary Subsample
Analyses”). However, there was no significant difference
in the relative frequencies for evaluating evidence [medical
education M = 60.96%; SD = 10.24%; teacher education
M = 65.40%; SD = 18.00%; t(77) = 1.81, p = 0.075, Cohen’s
d=0.34].

Diagnostic Practices in Medical
Education and Teacher Education (RQ2)

In Figure 1, we present the diagnostic practices of learners
from medical education (Figure 1A) and teacher education
(Figure 1C) as network graphs. The colored edges and their
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thickness reflect the relative frequencies of co-occurrences of
diagnostic activities. The overall network across all learners from
medical education (Figure 1A) showed some similarities to
the overall network across all learners from teacher education
(Figure 1C): First, in both disciplines, we found that the
relative frequencies of co-occurrences were in accordance with
the relative frequencies of the individual diagnostic activities
(see the results for RQ1). In both network graphs, the three
relatively most frequent co-occurrences were the ones including
evaluating evidence. This is why we found evaluating evidence
near the center of the disciplines’ overall networks. However,
by looking at its temporal context indicated by co-occurrences
with other diagnostic activities, we can draw inferences about
the purpose of evaluating evidence within the respective context.
When it co-occurs with drawing conclusions or generating
hypotheses, evaluating evidence serves the purpose of explaining;
whereas when co-occurring with generating evidence, evaluating
evidence may rather describe the evidence (see Table 2 for
examples). To compare learners from medical education and
teacher education, the comparison graph (Figure 1B) shows
the difference between the two disciplines’ overall networks,
therefore indicating only the differences in co-occurrences. In
medical education, there was a relatively higher frequency of
evaluating evidence co-occurring with generating hypotheses,
pointing to a rather hypothesis-driven approach that puts
more emphasis on explaining evidence; whereas learners in
teacher education exhibited a relatively higher frequency of co-
occurrences between evaluating evidence and generating evidence,
indicating a tendency toward describing evidence or a data-
driven approach.

In addition to the disciplines’ overall networks, Figure 2
presents the distribution of single learners across the two
disciplines’ overall networks. The colored points represent the
networks’ centroids on the level of single learners from medical
education (Figure 2A) and teacher education (Figure 2C). In
teacher education, single learners’ centroids (red colored points)
are more scattered across the network space, compared to the
positioning of the single learners’ centroids in medical education
(blue colored points). This indicates that the diagnostic practices

A . B ; Cc .
Generating Generating Generating
Evidence Evidence Evidence
Generating Generating Generating
Hypotheses Hypotheses Hypotheses
Evaluating Evaluating Evaluating
Evidence Evidence Evidence
Drawing E)raw‘lng Drawing
Medical education Condusions Comparisan Conclusions Teacher education Conclusions
FIGURE 1 | ENA networks from medical education (A), and teacher education (C). The comparison network (B) depicts only the differences between the other two
networks.
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TABLE 2 | Examples of evaluating evidence, co-occurring with generating evidence, generating hypotheses, or drawing conclusions in a temporal context of one to two
sentences in the disciplines of medical education and teacher education.

Case Text Generating Generating Evaluative Drawing
hypotheses evidence evidence conclusions

Section a: Examples of evaluating evidence co-occurring with drawing conclusions or generating hypotheses in the discipline of medical education

2 Due to his age and the sudden symptomatology in only his lumbar spine, | 0 0 1 1
would diagnose a rheumatic disease.
7 Upon physical examination, she mostly indicated pain in the upper 0 0 1 0

abdomen, which highlights the region of the liver, gall bladder, and
eventually the biliary tract and pancreatic duct.
Laboratory results indicated increased liver values, which is why | believe 1 0 1 0
the patient has hepatitis.
Section b: Examples of evaluating evidence co-occurring with drawing conclusions or generating hypotheses in the discipline of teacher education
8 The characteristic writing, corfusion of characters, deficits in stringing 0 0 1 1
together syllables, as well as deficits in syllabification and slow reading
speed, combined with an otherwise good school performance, clearly

indicate dyslexia.

6 Thomas might have eventually developed ADHD and therefore low 1 0 0 0
concentration.
This assumption is backed by the fact that his performance in all subjects 0 0 1 0

decreased and that he does not fully answer all guestions on exams.
Section c: Examples of evaluating evidence co-occurring with generating evidence in the discipline of medical education

7 First, | examined all the available information, before focusing on the most 0 1 0 0
relevant points.
They mostly seemed to be related to the liver. 0 0 1 0
8 Bwven after being treated by the general practitioner, the patient stil had a 0 0 1 0

fever and symptoms of a systemic infection.

This is why, considering the anamnesis regarding previous travels, | decided 0 1 1 0
to administer an HIV test.

Section d: Examples of evaluating evidence co-occurring with generating evidence in the discipline of teacher education

6 | examined the teacher’s report and the available documents. 0 1 0 0
It seems that Thomas' symptoms have only been observable recertly and 0 0 1 0
that he has repeatedly complained about small font sizes.

5 Initially, | collected information from observations, conversations, the annual 0 1 0 0
report, and recent school exams.

2 Wy attention was caught by the mother's description of her reading 0 0 1 0

behavior at home, especially in terms of reading aloud.

A . o . .
Generating . . Generating - Generating
Evidence Y Evidence ,t Evidence
L] : - » [] - :' . @ - N L] -
Generating® , * e Generating® %, =|* = /¢ 5 Generating ¢+ *|* <
Hypotheses = » . ° Hypotheses « & o "2¢/ ea' Hypatheses “esf . .
% . ‘Evaluating “- . =Eya&u'ating *e = i -EyaJu'ating *u
. Evidence ‘W, 0 Fvidence , .20 = . Evidence , ..
:.. = L] = 1 ‘.‘ n 2 .
Group Mea + 3 Group Means. ® Group Mean
~ ° . k {l’; [ I .‘ .
“ 1 - 8 ®
. Segfr el
. . w *
- - lo.‘~ -
*e
. . Drawing A brawing . Drawing
Medical education Conclusions Comparison Conclusions Teacher education Conclusions
FIGURE 2 | Distributions of learners within medical education (A), and teacher education (C). The figures also contain group means (squares) across the learners
within the two disciplines. The comparison graph (B) depicts both distributions and the differences between the other two networks.

of learners from medical education are more homogeneous Figure 2 presents centroids on the group level, representing
compared with the diagnostic practices of learners from the means of all learners within the two disciplines of
teacher education. medical education and teacher education as indicated by
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the colored squares. The positioning of the group mean of
learners from medical education (M = —0.36, SD = 0.63,
N = 142) was statistically significantly different from the
positioning of the group mean of learners from teacher education
[M = 042, SD = 074, N = 122; 1(24048) = -9.16,
p < 0.01, Cohen’s d = 1.14]. This result indicates a significant
difference in diagnostic practices between teacher education
and medical education. Repeating these analyses, comparing
students from medical education with the specified subsample
from teacher education, revealed basically the same result (for
details see Supplementary Material section “Supplementary
Subsample Analyses”).

DISCUSSION

In analyzing learners’ reports of their diagnostic activities in
medical education and teacher education, we found that future
physicians and future teachers put the most focus toward
evaluating evidence. Moreover, learners from teacher education
focused more on generating evidence, whereas learners from
medical education put more focus toward generating hypotheses
and drawing conclusions. These results support the notion that
the relative emphasis on each diagnostic activity differs between
these disciplines.

The disciplinary differences in the use of diagnostic activities
is also reflected by overall diagnostic practices. Because the
overall network across all learners from medical education
was similar to the network across all learners from teacher
education, this similarity suggests that the overall diagnostic
practices are similar. Still, there were significant disciplinary
differences in the relative frequencies of the co-occurrences
of diagnostic activities. In general, we found that learners
from medical education showed a more explanation-driven or
hypothesis-driven approach (see Coderre et al., 2010; Kiesewetter
et al.,, 2013; Seidel and Stiirmer, 2014), whereas learners from
teacher education showed a more description-driven or data-
driven approach (see Grisel and Mandl, 1993; Norman et al.,
2007; Kiesewetter et al., 2013; Seidel and Stiirmer, 2014).
Furthermore, learners from teacher education showed greater
variability in their diagnostic practices than learners from
medical education.

We interpret the results relating to epistemic ideals as the
“criteria or standards used to evaluate epistemic products”
(Duncan and Chinn, 2016, p. 158). In the context of medical
education, differential diagnosing is considered as ideal for
ensuring a reliable process. Differential diagnosing essentially
refers to a hypothesis-driven approach of generating and testing
hypotheses (see Fischer et al., 2014), which is what we observed
in learners from medical education. This diagnostic standard
is put into practice on different levels (e.g., in guidelines and
university curricula), and is systematically taught to future
physicians in their medical programs. In teacher education, we
are not aware of a widespread use of such specific standards
for diagnosing in general and particularly regarding the topic of
students’ behavioral and performance-related disorders. Research
in teacher education was referred to as a rather “young” field

Diagnostic Activities and Diagnostic Practices

(Grossman and McDonald, 2008) and thus, the evolvement
of standards for diagnosing might be less advanced than
in medical education. In comparison with medical students,
pre-service teachers also seem to show greater variability in
their diagnostic practices, which may support the notion of
lower standardization in diagnostic practices or at least in
educating pre-service teachers to apply diagnostic practices.
However, there might be some implicit ideals that enhance pre-
service teachers’ tendency to embrace a data-driven approach
in their diagnostic practices. First, as a reaction to findings of
teachers’ biases in diagnostic tasks (e.g., Stidkamp et al,, 2012),
some teacher education programs have subsequently taught
the concept of professional vision (Goodwin, 1994) to pre-
service teachers, emphasizing the need to focus on describing
observations before explaining them (e.g., Seidel and Stiirmer,
2014). This development may complement other implicit values
(see Duncan and Chinn, 2016) in teaching, such as to avoid
being judgmental toward students (Aalberts et al, 2012).
Therefore, the findings may reflect disciplinary differences in
epistemic ideals implemented in higher education and diagnostic
practices, respectively.

Limitations

One limitation of the study involves the inter-rater reliabilities
for generating hypotheses and drawing conclusions, which were
relatively low in the teacher education data. This could limit the
conclusions that can be drawn about the variability in diagnostic
practices of teacher education learners in particular.

Another limitation may be the learners’ study progress:
In the full sample, learners from medical education had
completed significantly more semesters than learners from
teacher education. However, the number of semesters did not
correlate with the proportion of the different diagnostic activities.
The subsample analyses, which compared students from medical
education with students from teacher education in their 5th or
a higher semester revealed the same patterns of results as the
analyses of the full sample. Hence, it seems unlikely that the
a priori difference in the number of semesters would lead to
substantial bias in our results.

Furthermore, we acknowledge that although we argue for
the interdisciplinary comparability of the diagnostic activities’
epistemic purpose, this conceptualization may still not fully
eliminate the issues associated with comparing disciplinary
diagnostic practices. Yet, we think that diagnostic activities
and diagnostic practices are more advantageous in terms
of interdisciplinary comparability than other investigated
approaches, e.g., professional diagnostic knowledge.

The choice of clinical topics in both disciplines served the
purpose of having similarly structured problems. Nevertheless,
in teacher education there are other than clinical areas where
diagnosing is relevant (e.g., assessing a student’s level of skill).
Thus, our choice might limit the generalizability of the findings
to other areas of assessment in teacher education. However, if we
consider diagnostic practices as discipline-specific approaches,
it is reasonable to assume that the findings may replicate in
other areas of teachers” diagnostic assessments, which could be
investigated in further research.
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Finally, similar to verbal protocols, assessing reported
activities raises the question of validity, concerning the degree
to which the reports effectively represent actually performed
activities. Therefore, further research might additionally
complement reported diagnostic activities with behavioral
data like user-logs.

CONCLUSION

In this article, we have argued that interdisciplinary research
on diagnostic assessments benefits from comparisons drawn
at the level of diagnostic activities (Fischer et al, 2014) and
diagnostic practices (Kelly, 2008; Heitzmann et al, 2019) as
comparing professional diagnostic knowledge has been found to
be difficult due to its content specificity. In an interdisciplinary
comparison of justifications by learners from teacher education
and medical education, we found significant differences in
their diagnostic activities and diagnostic practices. We found
a more hypothesis-driven approach in justifications of learners
from medical education, who put relatively more emphasis
on generating hypotheses and drawing conclusions. Learners
from teacher education instead seemed to apply a more
data-driven approach, with a stronger focus on generating
and evaluating evidence. The results may allude to different
epistemic ideals and diagnostic standards (see Duncan and
Chinn, 2016) taught in higher education and thereby put into
diagnostic practices.

Diagnostic activities can provide a useful and interdisciplinary
framework to analyze diagnostic practices across disciplines.
For future interdisciplinary research, we recommend
considering matched study designs, as implemented in
our project, to maximize interdisciplinary comparability.
Additionally, from a practically oriented viewpoint, we
recommend that educators from both the medical education
and teacher education fields reflect further on their
standards in diagnosing and their underlying epistemic
ideals to further increase the awareness of practitioners
and systematization in teaching. Finally, we encourage
researchers to further investigate the potential relation
between epistemic ideals and diagnostic practices in terms
of interdisciplinary differences, commonalities, and their
continuing evolvement.
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1 Supplementary illustration of the framework of diagnostic activities

In our research, we refer to a framework of diagnostic activities such as generating hypotheses,
generating evidence, evaluating evidence, and drawing conclusions (Fischer et al., 2014; Heitzmann
etal., 2019). The full framework includes eight diagnostic activities, which are illustrated in the

supplementary Table 1.

Supplementary Table 1. The framework of diagnostic activities, adapted from Heitzmann et al.,

2019.

Diagnostic Activity

Examples from medical education and teacher education

Problem identification

A physician encounters a patient who reports non-specific symptoms such
as shortness of breath; A teacher faces a student who wrongly answers a
question in class.

Questioning

A physician asks what the reason for the symptoms could be; A teacher
asks what the reason for a student’s error could be.

Hypothesis generation

A physician suspects a specific disease, such as a pulmonary embolism; A
teacher suspects a specific misconception.

Construction and redesign of
artefacts

A medical report which indicates the need for further examination, e.g. a
computer tomography; The development of a task which provides insight
into the presence of a misconception.

Evidence generation

Conducting further examination, for example through computed
tomography; Observation of the student’s solution of the task.

Evidence evaluation

Evaluation of the computer tomography with signs of a pulmonary
embolism; Evaluation of the solution of the task with some but not all of the
signs for the hypothesized misconception.

Drawing conclusions

Deciding that the most likely cause of the patient’s symptoms is a
pulmonary embolism; Deciding that the most likely reason for the student’s
error is the assumed misconception, which impedes further learning.

Communication and
scrutinization

A medical report with the diagnosis of a pulmonary embolism for another
physician; Informing another teacher about the discovered misconception
held by a certain student so that teacher can adapt the teaching.
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2 Supplementary case materials for medical education

The medical education cases presented virtual patients with symptoms of fever and back pain and
medical students were asked to take over the role of a general practitioner. One exemplary case was
about a 36 year-old female, Mrs. Hoffinann, who had a febrile and flu-like infection for almost a week
before seeing the doctor. In addition, she experienced fatigue, loss of appetite, sickness and diarrhea.
One month earlier, she returned from a trip to Costa Rica, for which she received the recommended
vaccinations prior to departure. The anamnesis provided the information that no other persons in her
surrounding had the same symptoms; that she does not know about any pre-existing illnesses and does
not consume any prescribed drugs, apart from occasionally using homeopathic globules; and that, she
is allergic to penicillin and nickel; moreover, she is a non-smoker, occasionally consumes alcohol, and
excluded the option of pregnancy. To gather more information, learners could access the patient’s
history and had the option to access different tests and test results, e.g. physical examination,
laboratory, x-ray, ECG, HIV test, and others (see supplementary Figure 1). Overall, the symptoms and
test results point to an acute hepatitis A infection. Typical symptoms of the patient’s current stage of
the infection are fatigue, limb pain, fever, sickness, diarthea and joint pain.

8 Frau Hoffmann Menu Help *)

Please choose, which of the following information you want to access next.

>
[
2
=
>
>

]
=

Please note that you can freely choose to access the following informational sources in any sequence. You can return to this
menu at any time before submitting your final diagnosis.

m Physical Examination HIV-Test ECG Echocardiogram Blood Cultures
Thick Drop Laboratory Submit Diagnosis

Q

Supplementary Figure 1. Screenshot of user interface for the medical education case in the CASUS
learning environment.

3 Supplementary case materials for teacher education

In the teacher education cases, we asked pre-service teachers to imagine themselves in the position of
a teacher who was encountering a student with some initial performance-related or behavioral
problems that might even be clinically relevant, e.g. ADHD or dyslexia. One example is the case of a
secondary student named Anna who is displaying symptoms of an attention-deficit disorder. The
leaners are asked to put themselves into the role of Anna’s class teacher, who teaches German classes
and music lessons. The initial problem statement for the case describes Anna as a 5™ grade student,
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eleven years old, who constantly needs to be pushed to finish her tasks and who has bad grades in
many subjects, especially the main subjects. The learners could examine written observations of
Anna’s in-class and out-of-class behavior, read recordings of conversations with Anna, or with her
parents and several teachers, or look at Anna’s last annual report and an example of a written
exercise (see supplementary Figure 2). Her behavior is described as very calm and distracted. She is
slow in reading and it is difficult for her to answer questions about a text that she just read. She often
fails to fulfill the exact instruction of a task or fails to fully complete a task. Moreover, she often does
not bring all required school supplies or comes late in the mornings. In a parent-teacher meeting,
Anna’s mother backs up the impression of a disorganized and slow learning behavior when talking
about the homework situation. Anna’s last annual report and the conversations with the other
teachers show that her grades are mostly affected by her inattentiveness as well, with the exception of
artistic subjects and gym classes. Anna mostly interacts with her one fiiend and is rather distanced
from the other students. Anna herself points out that it is hard for her to concentrate since she feels
easily distracted. However, at home, where there are fewer ambient noises, she can focus on and
enjoy reading, drawing and painting. Overall, the case information was designed in a way that, the
diagnosis of an attention-deficit disorder is the most likely clinical diagnosis, despite several
differential diagnoses being relevant.

8 Anna Menu Help «)

Please choose, which of the following infarmation you want to access next.

»
s
2
=
2
s
=

Flease note that you can freely choose to access the following informational sources in any sequence. You can return to this
menu at any time before submitting your final diagnosis.

Learning & Werk Behavicr Written Exercises Talk with Anna Collzgial Exchange
Parent-Teacher Meeting Annual Report Submit Diagnosis

Q

Supplementary Figure 2. Screenshot of user interface for the teacher education case in the CASUS
learning environment.

4 Supplementary results of a correlation between semesters studied and number of
diagnostic activities.

We analyzed the relation between the relative percentages of diagnostic activities within the
disciplines and number of semesters completed. There was no significant correlation found between
number of semesters studied and the percentages of the different diagnostic activities. The correlation
coefficients and p-values are presented in the supplementary Table 2.
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Supplementary Table 2. Results of the two Pearson correlation analyses with the variables semester
and percentages of diagnostic activities within the disciplines of medical education (section a) and
teacher education (section b).

Generating Generating Evaluating Drawing
hypotheses evidence evidence conclusions
Section a: Medical Education (N= 142)
Semester Pearson’sr .009 -129 105 -.012
p-value 917 127 215 .885
Section b: Teacher Education ( N=119)
Semester Pearson’sr 014 104 -.034 -.140
p-value 876 262 716 128
5 Supplementary subsample analyses

Since half of the sample of pre-service teachers were in their 1% to 4" semester, which was excluded
in medical education, we defined a comparative subsample of 61 pre-service teachers in their 5 to
13™ semester (M = 7.38;, SD = 2.30), who were on average M = 24.20 years old (SD =3.55), and
were mostly women (52 women; 8 men; 1 nonbinary). The comparative subsample of 61 pre-service
teachers in the 5™ or a higher semester accounted for 488 justificatory reports (average number of
words per report M =94.3; SD = 62.3).

5.1 Diagnostic activities in medical education and teacher education (RQ1)

Comparing medical education with the subsample of 5™ or higher semester students from teacher
education, there was no significant difference in the relative frequencies for evaluating evidence
(medical education M = 60.96%; SD = 10.24%:; teacher education M =65.40%; SD = 18.00%; #77) =
1.81, p=.075, Cohen's d = 0.34). Concerning the other three diagnostic activities, the differences
between the disciplines was significant: In medical education, the share for generating hypotheses
was still about twice as high (M = 16.26%; SD =7.96%) as in teacher education (M = 8.50%; SD =
5.50%), with a significant, large-sized effect ({161) =8.00, p < .001, Cohen's d = 1.06). The share
for generating evidence was still about twice as high in teacher education (A= 15.00%; SD =
15.80%) as in medical education (M= 6.79%; SD =8.26%), with a significant medium-sized effect
(#(74)=3.84, p < .001, Cohen's d =-0.74). In medical education, we still found a significantly higher
share for drawing conclusions (M= 15.99%; SD = 6.39%) than in teacher education (A= 11.10%;
SD =7.15%), with a medium effect size (#201) =4.82, p < .001, Cohen's d=0.74).

5.2 Diagnostic practices in medical education and teacher education (RQ2)

In the supplementary Figure 3A and 3B, we compared students from medical education with the
subsample of 5™ or higher semester students from teacher education. The positioning of the group
mean of learners from medical education (M =-.21, SD =.60, N= 142) was statistically significantly
different from the positioning of the group mean of learners from teacher education in their 5 or a
higher semester (M = .49, SD = .68, N=061; #(100.89) =6.97, p < .01, Cohen's d=1.13).
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Supplementary Figure 3. ENA networks and distributions of learners from medical education (A),
and teacher education (C). The figures also contain group means (squares) across the learners within
the two disciplines. The comparison graph (B) depicts both distributions and the differences between
the other two networks.

The results of this subsample analysis support the previously described findings. Furthermore, in the
supplementary Figure 3C, we additionally distinguished between students from teacher education
who are in their 1% to 4™ semester and students from teacher education who are in their 5% or a higher
semester. As indicated by the positioning of the two group means displayed in the supplementary
Figure 3C, the two subsamples of students from teacher education are overall rather similar.

This re-analysis, which compared students from medical education with a subsample of students
from teacher education in their 5th or a higher semester of study, supported the findings from the
initial analyses of the full sample, apart from the significant difference in evaluating evidence.
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Study 2: Diagnostic Argumentation in Teacher Education:
Making the Case for Justification, Disconfirmation, and

Transparency

Reference: Bauer, E., Sailer, M., Kiesewetter, J., Fischer, M. R., & Fischer, F. (2022).
Diagnostic argumentation in teacher education: Making the case for justification,
disconfirmation, and transparency. Frontiers in Education, 7, Article 977631.
https://doi.org/10.3389/feduc.2022.977631
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Diagnostic argumentation in
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case for justification,
disconfirmation, and
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Research on diagnosing in teacher education has primarily emphasized
the accuracy of diagnostic judgments and has explained it in terms of
factors such as diagnostic knowledge. However, approaches to scientific
argumentation and information processing suggest differentiating between
diagnostic judgment and diagnostic argumentation: When making accurate
diagnostic judgments, the underlying reasoning can remain intuitive, whereas
diagnostic argumentation requires controlled and explicable reasoning
about a diagnostic problem to explain the reasoning in a comprehensible
and persuasive manner. We suggest three facets of argumentation for
conceptualizing diagnostic argumentation, which are yet to be addressed
in teacher education research: justification of a diagnosis with evidence,
disconfirmation of differential diagnoses, and transparency regarding
the processes of evidence generation. Therefore, we explored whether
preservice teachers’ diagnostic argumentation and diagnostic judgment might
represent different diagnostic skills. We also explored whether justification,
disconfirmation, and transparency should be considered distinct subskills
of preservice teachers’ diagnostic argumentation. We reanalyzed data of
118 preservice teachers who learned about students’ learning difficulties
with simulated cases. For each student case, the preservice teachers had
to indicate a diagnostic judgment and provide a diagnostic argumentation.
We found that preservice teachers’ diagnostic argumentation seldom involved
all three facets, suggesting a need for more specific training. Moreover, the
correlational results suggested that making accurate diagnostic judgments and
formulating diagnostic argumentation may represent different diagnostic skills
and that justification, disconfirmation, and transparency may be considered
distinct subskills of diagnostic argumentation. The introduced concepts of
justification, disconfirmation, and transparency may provide a starting point
for developing standards in diagnostic argumentation in teacher education.

KEYWORDS

teacher education, diagnostic argumentation, scientific argumentation, diagnostic
accuracy, diagnostic judgment, diagnostic knowledge
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Introduction

Diagnostic skills are relevant in many fields, one of which is
teacher education (Heitzmann et al, 2019). Teachers diagnosing is
a prototypical practice scenario for evidence-oriented practice, and
as such, it is crucial for teachers’ professionalism (Fischer, 2021).
Previous research on teachers’ diagnosing has primarily
investigated diagnostic accuracy—i.e., the correctness of diagnostic
judgments—because inaccurate judgments can easily disadvantage
students by, for example, leading to unsuitable or insufficient
educational interventions (e.g., Loibl et al., 2020; Urhahne and
Wijnia, 2020; Kramer et al., 2021a). Besides making accurate
diagnostic judgments, communicating diagnostic considerations
is another vital aspect of diagnostic skills, for example, for purposes
such as reporting diagnostic findings (Bauer et al,, 2020) or
collaborative diagnosing (Kiesewetter et al., 2017). However, thus
far, there is no clear conceptualization of diagnostic argumentation,
which we define as explaining a diagnostic judgment and the
underlying reasoning comprehensibly and persuasively (see
Walton, 1990; Berland and Reiser, 2009). It is also unclear whether
professionals (e.g., teachers) who can make accurate diagnostic
judgments are capable of offering sufficient diagnostic
argumentation. This raises the question of whether accurate
diagnostic judgment and diagnostic argumentation are fully based
on the same knowledge—reflecting one overarching diagnostic
skill—or whether they need to be considered different subskills of
diagnosing. This differentiation might have implications for
teaching diagnostic skills, such as the definition of learning
objectives and the design and implementation of learning
environments (see Grossman et al., 2009).

To our knowledge, no systematic research has differentiated
between the concepts of diagnostic argumentation and diagnostic
judgment. Therefore, we propose a conceptualization of diagnostic
argumentation that consists of three facets: justification of a
diagnosis with evidence, disconfirmation of differential diagnoses,
and transparency regarding the processes of evidence generation.
We explore diagnostic argumentation in terms of these three
facets and investigate whether they indicate one joint underlying
skill or different aspects of diagnostic skills by analyzing their
interrelations with one another and with a potentially joint
knowledge We justification,
disconfirmation, and transparency in diagnostic argumentation
are related to the accuracy of diagnostic judgments in the context
of teacher education.

base. also  explore how

Diagnosing in teacher education

Teacher education is one of the fields in which learning
diagnostic skills is an important matter of professionalization
(Grossman, 2021). In particular, teachers have to diagnose
students’ performance, progress, and learning prerequisites
(e.g., Praetorius et al., 2013; Stidkamp et al., 2018). However,
these aspects also include the initial identification of clinical
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problems, such as learning difficulties (e.g., dyslexia) and
behavioral disorders (e.g., attention deficit hyperactivity
disorder, i.e., ADHD; e.g., Poznanski et al., 2021). In all these
contexts, we broadly define diagnosing as a “goal-oriented
collection and interpretation of case-specific or problem-
specific information to reduce uncertainty in order to make [...]
educational decisions” (Heitzmann et al., 2019, p. 4). Other
associated terms are used for diagnosing in teacher education
as well, such as assessment (e.g., Herppich et al., 2018). As part
of teachers’ professional activities, diagnosing is crucially
related to the discussion around teachers’ evidence-oriented
practice (Stark, 2017) and is possibly a prototypical practice
scenario (Fischer, 2021). Teachers are expected to use
knowledge on theories, methods, procedures, and findings from
educational research (e.g., Kiemer and Kollar, 2021) to reflect
their experiences, possibly overcome dysfunctional intuitive
approaches and—at least partially—guide their diagnostic
activities and interventions. Teacher education programs are
increasingly acknowledging the relevance of facilitating
diagnostic skills, and research in teacher education has also
addressed the issue of how diagnostic skills are learned (e.g.,

Chernikova et al., 2020; Loibl et al., 2020; Sailer et al., 2022).

Teachers’ diagnostic judgments

Previous research on teachers’ diagnosing has focused on how
teachers make diagnostic judgments (e.g., Loibl et al., 2020;
Urhahne and Wijnia, 2020; Kramer et al., 2021a). Loibl et al. (2020)
suggested distinguishing between the processes and products of
teachers’ diagnostic judgments In terms of product indicators,
research on teachers’ diagnostic judgments has focused on
diagnostic of diagnostic
judgments—because inaccurate judgments can lead to unsuitable
or insuflicient educational interventions that easily disadvantage
students (e.g., Urhahne and Wijnia, 2020). There is also an
increasing amount of research investigating teachers’ judgment
processes, for example, in terms of diagnostic activities such as
generating hypotheses, generating and evaluating evidence, and

accuracy—i.e, the correctness

drawing conclusions (e.g., Wildgans-Lang et al,, 2020; Codreanu
etal, 2021; Kramer et al,, 2021a). In addition, research has begun
to focus more on the role of information processing in teachers’
judgment processes (e.g., Loibl et al,, 2020). Teachers™ diagnostic
judgment processes
processing—i.e., fast recognition of patterns of information—
which facilitates flexible and adaptive acting in the classroom;
teachers can also engage in controlled information processing
when spending time and effort on consciously evaluating evidence
and its causal relations (Kahneman, 2003; Evans, 2008). Teachers’

can involve intuitive information

information processing in making diagnostic judgments depends
on situational characteristics (Loibl et al, 2020), such as the
available time for making a judgment (Ricu et al,, 2022), the
consistency and condusiveness of the available evidence, and
teachers’ perceptions of their situational accountability (Pit-ten
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Cate et al,, 2020). In classrooms with multiple students, teachers
often need to make intuitive judgments, prioritize tasks, and decide
where to invest their time and cognitive resources (Feldon, 2007;
Vanlommel et al, 2017). With respect to achieving diagnostic
accuracy, research suggests regarding judgment processes (e.g., in
terms of information processing) as processes that interact with
teachers’ characteristics, especially their diagnostic knowledge
(e.g., Loibl et al., 2020; Kramer et al., 2021a).

The role of diagnostic knowledge

Diagnostic knowledge is generally considered an important basis
of diagnostic skills (Heitzmann et al, 2019). Having a sufficient base
of specific diagnostic knowledge seems to be a necessary condition
forachieving accurate diagnostic judgments (Kolovou et al, 2021). In
addition, advanced diagnosticians’ well-organized knowledge
structures enable them to recognize patterns of critical case
information correctly, without necessarily conducting a controlled
analysis of the underlying causal relations (see Kahneman, 2003;
Evans, 2008; Boshuizen et al, 2020). Research has suggested that
performing complex cognitive tasks requires not only knowledge
about relevant concepts but also knowledge about how to
systematically approach the task (e.g.,, Van Gog et al, 2004). In the
context of teacher education, Shulman (1986) suggested that, besides
domain-specific content, distinguishing between different types of
knowledge—such as conceptual and strategic knowledge—is relevant
to capturing different functionalities of knowledge, such as acting
adaptively in response to various problems and situations. In the
course of developing strategic knowledge, basic aspects of conceptual
knowledge are abstracted and integrated with episodic knowledge
into cognitive scripts about approaching certain problems or
situations (e.g., Shulman, 1986; Schmidmaier et al., 2013; Boshuizen
et al,, 2020). This means that conceptual and strategic knowledge
about the same specific content are likely related but address different
aspects of solving a task. Conceptual and strategic knowledge have
been adapted and empirically investigated in the context of
diagnosing in medical education (e.g., Stark et al., 201 1; Schmidmaier
et al,, 2013): conceptual diagnostic knowledge (CDK) consists of
concepts, such as diagnoses and their relations with each other and
with evidence, whereas strategic diagnostic knowledge (SDK) refers to
how to proceed in diagnosing a specific problem (i.e., how to reject
or confirm differential diagnoses and which informational sources
provide critical evidence for doing so). Researchers addressing
diagnosing in teacher education have also suggested distinguishing
between CDK and SDK (e.g., Fortsch et al., 2018). Therefore, CDK
and SDK seem crucial for correctly processing relevant case
information and making accurate diagnostic judgments.

Diagnostic argumentation

Beyond making accurate diagnostic judgments, there are
instances in which teachers or other diagnosticians need to
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explain their reasoning and the resulting diagnostic judgment in
a comprehensible and persuasive manner, which we suggest to
designate as diagnostic argumentation (see Walton, 1990; Berland
and Reiser, 2009). Diagnostic argumentation is required in
situations in which explanations are directed toward a recipient,
such as a collaborating teacher or school psychologist (e.g.,
Kiesewetter et al., 2017; Csanadi et al., 2020; Radkowitsch et al.,
2021). The context of identifying students’ clinical problems is
one example in which diagnostic argumentation is particularly
relevant for teachers, as in many educational systems, final
judgments about clinical diagnoses are made by clinical
professionals (e.g., school psychologists), with whom teachers
might need to collaborate (Albritton et al.,, 2021). However, also
in other contexts, diagnostic argumentation facilitates a
collaborative process of considering and reconciling competing
explanations and thus, if necessary, can help improve the
diagnosing (see Berland and Reiser, 2009; Csanadi et al., 2020).
There are also nonimmediate dialogical situations (see Walton,
1990), such as writing a report about diagnostic findings (Bauer
etal.,, 2020), in which information may need to be comprehensible
and persuasive to potential recipients at a later point in time.

Especially when engaging in a face-to-face critical exchange
of arguments in collaborative or otherwise dialogical diagnosing,
teachers might involve in argumentation processes and a
controlled analysis of the available evidence and potential
explanations before making a diagnostic judgment. Collaborative
generation and evaluation of evidence and a critical evaluation of
others’ arguments can improve the quality of argumentative
outcomes (Mercier and Sperber, 2017; Csanadi et al., 2020). In
other contexts, teachers might make intuitive judgments without
a controlled analysis of all the available evidence and causal
relations. If the information processing for a diagnostic judgment
mainly involves intuitive pattern recognition, parts of the
reasoning can remain implicit (Evans, 2008). However,
comprehensively explaining a judgment and its underlying
reasoning initially requires that the reasoning be explicable or at
least constructible in retrospect. In terms of nondialogical
situations, such as writing reports, initial evidence suggests that
compared to medical education, there seems to be a lower
standardization in teacher education (Bauer et al., 2020), which
could facilitate constructing persuasive explanations in retrospect.
For these reasons, it might not necessarily be a given that teachers
who make accurate judgments in nondialogical diagnostic
situations are capable of subsequently providing comprehensible
and persuasive explanations of their reasoning. This open question
has yet to be explored by research.

Justification, disconfirmation, and
transparency in diagnostic
argumentation

To explore how diagnostic judgment and diagnostic
argumentation are related, it is first necessary to define what kind
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of information is expected to be provided in the context of
diagnostic argumentation. We argue that besides providing
comprehensible explanations, diagnostic argumentation also aims
to persuade potential recipients of the presented reasoning
(Berland and Reiser, 2009) and, thus, requires providing
information that enables a recipient’s understanding and
evaluation of the efforts made during diagnosing (see Chinn and
Duncan, 2018). Therefore, to further define the concept of
diagnostic argumentation, we suggest three facets that might
facilitate recipients’ understanding of the presented reasoning:
justification, disconfirmation, and transparency. We propose that
these three facets of diagnostic argumentation resemble
approaches in scientific argumentation (see Sampson and Clark,
2008; Mercier and Heintz, 2014), namely justifying ones reasoning
with evidence (e.g., 1958), considering and
disconfirming alternative explanations (e.g., Lawson, 2003), and
emphasizing the credibility of informational sources with
methodological transparency (e.g., Chinn et al,, 2014). In what
follows, we explain the three facets in further detail.

Justification denotes the provision of evidence in support of a
claim (e.g., Toulmin, 1958; Hitchcock, 2005), which allows
recipients to raise potential issues about the reasoning that was
presented. In the context of diagnostic argumentation, diagnostic
judgments are caims that need to be justified by providing
evidence derived from the case information. Therefore,
justifications evaluate relevant case information as evidence from
which to draw conclusions concerning a judgment (see Fischer
etal, 2014).

Disconfirmation emphasizes discussing  differential
diagnoses that may have been hypothesized when diagnosing a

Toulmin,

given case. As a process of uncertainty reduction (Heitzmann
et al,, 2019), diagnosing involves generating and evaluating
different hypotheses (Klahr and Dunbar, 1988; Fischer et al.,
2014) that resemble competing claims in argumentation.
Similar to the scientific approach of disconfirmation (e.g.,
Gorman et al,, 1984), a rebuttal of competing claims supports
the persuasiveness of the final claim (e.g., Toulmin, 1958;
Lawson, 2003). In diagnostic argumentation, differential
diagnoses are competing claims that should be explicated and
discussed to facilitate the persuasiveness of the final judgment
by demonstrating that alternative explanations have been
considered. Recipients can build on this information to evaluate
and criticize whether relevant differential diagnoses have been
missed or mistakenly rejected.

Transparency regarding the processes of evidence generation
provides information about the reliability of the methodology for
generating evidence from informational sources (Chinn et al,,
2014; Fischer et al, 2014). In diagnostic argumentation,
transparency is achieved by describing the processes underlying
evidence generation, thus allowing recipients to evaluate the
presented evidence and diagnostic conclusions. Explicating how
evidence was generated facilitates a recipient’s understanding and
ability to criticize the quality of the evidence and, ultimately, the
validity of the conclusions (Vazire, 2017).
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Analogously to approaches involved in scientific
argumentation (see Sampson and Clark, 2008; Mercier and
Heinlz, 2014), we suggest that justification, disconfirmation, and
transparency in diagnostic argumentation facilitate a recipient’s
understanding and evaluation of the efforts made during
diagnosing. We are unaware of any research in teacher education
that has conceptualized or investigated a skill similar to what
we have defined as diagnostic argumentation, including the facets
of justification, disconfirmation, and transparency. Therefore, in
this study, we aimed to explore the interrelations between
justification, disconfirmation, and transparency in diagnostic
argumentation, as well as their relations with making accurate
diagnostic judgments, and the explanatory roles of CDK and SDK

(see Figure 1).

Research questions

We propose that justification, disconfirmation, and
transparency are three relevant facets of diagnostic argumentation
and that diagnostic argumentation and diagnostic judgment
might represent two distinct diagnostic skills that may, however,
both be partially explained by CDK and SDK. Understanding the
interrelations between these skills and knowledge might provide
relevant information for teacher educators and the field of
teacher education.

In investigating the proposed concept of diagnostic
argumentation, it is also important to explore whether
justification, disconfirmation, and transparency might represent
distinct subskills or indicators of one joint underlying diagnostic
skill (RQ1). To approach this question, we investigated how the
individual facets (1a) and different combinations of the facets (1b)
occur within preservice teachers’ diagnostic argumentation and
analyzed the facets’ relations (1c) in preservice teachers’ diagnostic
argumentation. We assumed that finding close relationships
would indicate a joint basis of knowledge and skills; by contrast,
small relationships or a lack thereof would indicate that the three
facets represent different subskills of diagnostic argumentation.

In terms of distinguishing between the three facets as different
subskills, a related question is to what extent justification,
disconfirmation, and transparency are based on conceptual
diagnostic knowledge and strategic diagnostic knowledge (RQ2).
Because CDK and SDK are thought to be a major basis for the
reasoning presented in diagnostic argumentation (Heitzmann
et al, 2019), we assumed that they also partially explain
justification, disconfirmation, and transparency; that is, CDK and
SDK may be needed to generate evidence from informational
sources (explicated in transparency) and to make a warranted
connection between the evidence and a diagnosis (explicated in
justification) or several differential diagnoses (explicated in
disconfirmation). Exploring the degree to which CDK and SDK
explain justification, disconfirmation, and transparency in
diagnostic argumentation can provide an initial basis for future
research on teachers’ prerequisites for diagnostic argumentation.
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FIGURE 1
Theoretical model of the potential relationships between diagnostic knowledge and the skills of diagnostic judgment and diagnostic
argumentation.

Given that diagnostic argumentation additionally aims to
be persuasive instead of solely verbalizing the reasoning made
while processing information, further knowledge and skills
beyond CDK and SDK may contribute to justification,
disconfirmation, and transparency in diagnostic argumentation.

For the same reason, we assumed that, despite a presumably
joint basis of CDK and SDK, diagnostic accuracy might not
necessarily be related to justification, disconfirmation, and
transparency. Therefore, we explored whether diagnostic
judgment (indicated by diagnostic accuracy) and diagnostic
argumentation (indicated by justification, disconfirmation, and
transparency) might represent different diagnostic skills (RQ3). In
doing so, we assumed that identifying close relationships would
indicate a joint underlying diagnostic skill; by contrast, small
relationships or a lack thereof would indicate that diagnostic
argumentation and diagnostic judgment might represent different
diagnostic skills.

Materials and methods
Participants

In this study, we reanalyzed data that were originally collected to
train an Al-based adaptive feedback component for a simulation-
based learning environment (see Pleiffer et al, 2019). A total of 118
preservice teachers participated in the data collection and processed
simulated cases pertaining to students’ clinical problems. Participants
were M = 22.96years old (SD = 4.10), the majority were women (102
women, 15 men, and 1 nonbinary), and they were in their first to
13th semester (M =4.62, SD = 3.40) of a teacher education program.
We recruited preservice teachers in all semesters because relevant
courses about students’ clinical problems were not compulsory or
bound to a specific semester but could be taken in any semester.
Participants subjectively rated their prior knowledge of students’
clinical problems prior to receiving any instruction about the content
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of the study. On average, they indicated a medium rating of their
own prior knowledge (on a rating scale ranging from 1 to 5 points:
prior knowledge about ADHD, M = 2.78, SD = 0.81; prior knowledge
about dyslexia, M = 2.47, SD = 0.76). We assumed that this sample
mirrors the diverse population of preservice teachers.

Research design

We chose a quantitative and correlational research design to
determine the relationships between the following variables:
justification, disconfirmation, and transparency in diagnostic
argumentation; CDK and SDK; and the accuracy of
diagnostic judgment.

Simulation and tasks

We asked participants to take on the role of a teacher and
process eight cases of primary and secondary students with
performance-related or behavioral problems that might or might
not indicate a clinical diagnosis in the range of ADHD or
dyslexia. Two independent domain experts, one school
psychologist and one psychotherapist for children and
adolescents, validated the case materials before they were
implemented in CASUS, a case-based online learning
environment.' Participants solved the cases consecutively. The
cases included several informational sources, such as samples of
the students’ written exercises and school certificates, reports of
observations from inside and outside the classroom, and
conversations with the respective students, their parents, and
other teachers (the German-language case materials can
be accessed at hitps://osLio/hn7wm/). Participants could freely
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choose how many and which informational sources to consult
and in which order they wanted to do so (see Figure 2).

One example is the case of a secondary school student
named Anna, who is showing symptoms of attention-deficit
disorder (ADD). An initial problem statement describes Anna
as a fifth-grade student, 11 years old, who constantly needs to
be pushed to finish her tasks and who has poor grades in many
subjects, especially the core subjects, such as math and the
language subjects. The learners could examine written
observations of Anna’s in-class and out-of-class behavior, read
recordings of conversations with Anna or with her parents and
several teachers, or look at Anna’s last annual report and an
example of a written exercise. Her behavior is described as very
calm and distracted. She reads very slowly, and it is difficult for
her to answer questions about a text that she has just read. She
often fails to follow the exact instructions for tasks or fails to
complete them fully. Moreover, she often does not bring all the
required school supplies or arrives late in the morning. At a
parent-teacher conference, Annas mother backs up the
impression of disorganized and slow learning behavior when
talking about Annas homework. Anna’s last annual report and
the conversations with the other teachers show that her grades
are also affected by her inattentiveness, except artistic subjects
and gym class. She mostly interacts with one friend and tends to
remain distant from the other students. Anna herself points out
that it is hard for her to concentrate because she feels easily
distracted. However, at home, where there are fewer ambient
noises, she can focus on and enjoy reading, drawing, and
painting. Overall, the case information is designed in such a way
that the diagnosis of ADD is the most likely diagnosis, despite
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the fact that several differential diagnoses may be relevant. The
other cases included the same kinds of informational sources as
Anna’s case.

To complete a case and move on to the next case, participants
had to complete two tasks. First, they had to make a diagnostic
judgment, answering the question of whether the simulated
student has issues that warrant further diagnosing of a clinical
problem and, if so, which diagnosis may apply. Second, we asked
participants to write an argumentation text about their conclusions
and their reasoning about the case. For the purpose of this study,
participants received no further guidance or support regarding
how to write their diagnostic argumentation.

Procedure

The data were collected on computers in a laboratory
setting, with three to 20 participants simultaneously joining the
study. They worked individually at separate desks and were not
permitted to speak to each other. We introduced the participants
to the aims and procedure of the study and familiarized them
with the learning environment. After giving informed consent
to participate in the study, participants received randomly
assigned codes to log on to the CASUS learning environment to
anonymize the data. When entering the online learning
environment, participants first received a 25min theoretical
input concerning the topic of diagnosing in general and the
diagnosing of ADHD and dyslexia in particular to activate
existing knowledge and ensure the minimum amount of
knowledge required for solving the cases. Participants were not
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allowed to take any notes or go back to the input part at a later
point to avoid biases in subsequent testing and learning.
Following the theoretical input, participants spent around
25min on a pretest that their CDK and
SDK. Subsequently, participants entered the learning phase
consisting of the eight simulated cases, with a break of 10 min
after four cases. They had to finish one case at a time to gain
access to the next case. All participants received the cases in the
same sequence. The time on task for all cases was around 1h.
Subsequently, participants spent around 25 min on a posttest.
Generally, participants were allowed to work at their own pace.
Overall, participants spent around 3h from login to logout.
During the study, researchers were available to help with
technical issues or questions about navigation but did not
answer any content-related questions. Participants received
monetary compensation of 35 euros.

assessed

Data sources and measurements

The data sources used for the presented analyses are the CDK
and SDK scores from the pretest as well as the written diagnostic
judgments and diagnostic argumentation texts from six of the
eight cases. We decided to exclude two cases from the analysis
because their case information turned out to be more ambiguous
and inconclusive compared to the other cases.

Diagnostic knowledge

Conceptual diagnostic knowledge

CDK was assessed in the pretest after participants received the
theoretical input. We used 14 single-choice items about diagnosing
ADHD and dyslexia with four answer options each (one correct
answer and three distractors). The CDK questionnaire was
developed prior to the study to assess participants’ CDK, which
was considered relevant for processing the simulated cases. Two
independent domain experts, one school psychologist and one
psychotherapist for children and adolescents, validated the CDK
questionnaire. One example item is “Which of the following is not
one of the cardinal symptoms of ADHD?” with the answer options
(a) Inattentiveness, (b) Hyperactivity, (c) Impulsivity, and (d)
Impatience. Participants received one point per correct answer.
The points were aggregated into a total score, ranging from 0 to 14
points, for CDK.

As suggested by Stadler et al. (2021; see also Diamantopoulos
and Siguaw, 2006; Taber, 2018), we calculated variance inflation
factors (VIFs) for all items to avoid having redundant items
representing the formative knowledge construct. The maximum
VIF was VIF,,, = 1.30, which is well below the recommended
cut-off of 3.3.

Strategic diagnostic knowledge

Subsequent to assessing CDK, we measured SDK using four
key-feature cases (two key-feature cases about ADHD and two
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about dyslexia) with two multiple-choice questions each (see
Page et al,, 1995). Key-feature cases present a brief description
consisting of a few sentences before asking about the strategic
approaches used to diagnose the case. The key-feature cases
were developed prior to the study to assess participants’ SDK,
which was considered relevant for processing the simulated
independent domain experts, one school
psychologist and one psychotherapist for children and
adolescents, validated the key-feature cases. One example
key-feature case introduced the fourth grader Luis, who has
always been a rather poor reader but has begun to fall farther
behind his classmates over the last few months and just recently
again received the lowest grade in the class on a reading test.
He cannot summarize the contents of a short text even

cases. Two

immediately after reading it and can only read aloud very
slowly. Apart from his performance issues, he has a chronic
disease due to which he cannot regularly attend school for
stretches of several weeks. After reading this brief case
description, two multiple-choice questions were asked.

The first of the two multiple-choice questions per key-feature
case asked participants to choose all relevant differential diagnoses
out of a list of clinical as well as non-clinical differential diagnoses
(one to three correct options out of seven to nine answer options).
Participants received points for correctly choosing relevant
options and not choosing irrelevant options. We calculated one
mean score across all options per key-feature case, resulting in a
diagnosis score of 0 to 1 for the first question for each
key-feature case.

The second of the two multiple-choice questions per
key-feature case asked participants to choose from a list of further
approaches and resources relevant to confirm or disconfirm a
given set of differential diagnoses (three to six correct options out
of seven to 10 answer options). Participants received points for
correctly choosing relevant options and not choosing irrelevant
options. We calculated one mean score across all options per
key-feature case, resulting in a resource score of 0 to 1 for the
second question for each key-feature case.

The four diagnosis scores and four resources scores were
accumulated into a total score of 0 to 8 points for SDK on the
pretest. There were no redundant items (VIF,,,, = 1.09).

Accuracy of diagnostic judgment

To measure diagnostic accuracy, we coded all the written
diagnoses as accurate (1 point), partially accurate (0.5 points),
or inaccurate (0 points). We coded written diagnoses as
accurate if indicating a diagnosis that was considered the
correct solution when designing the cases (e.g., ADD for the
case Anna). The written diagnoses were coded as partially
accurate if correctly indicating the higher-level class of
diagnoses for the accurate diagnosis (e.g., if the correct
diagnosis was ADD and the participants indicated ADHD). A
total of 12.5% of the diagnoses were double-coded, resulting
in an interrater reliability (IRR) of Cohen’s k = 0.80 (Cohen,
1960). The internal consistency across the six cases was
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McDonald’s o = 0.37 (McDonald, 1999). For further analyses,
we calculated a total score from the points achieved for
diagnostic accuracy with a possible range of 0 to 6 points.

Justification, disconfirmation, and
transparency in diagnostic argumentation

We operationalized justification, disconfirmation, and
transparency based on a coding of the six cases’ diagnostic
argumentation texts.

Justification

We operationalized the presence or absence of justification in
diagnostic argumentation as evaluating evidence co-occurring
with drawing conclusions within the temporal context of two
sentences, resulting in 1 or 0 points per diagnostic argumentation.
In this study, we reanalyzed data that were originally used to train
an Al-based adaptive feedback algorithm for a simulation-based
learning environment (see Pleiffer et al., 2019). Four expert
raters coded the diagnostic argumentation texts segmented by
sentences regarding the categories evaluating evidence and drawing
conclusions. ‘They initially read the complete diagnostic
argumentation before coding evaluating evidence and drawing
conclusions for the individual sentences. Evaluating evidence was
defined as explicitly presenting or interpreting case information
(e.g., “Markus behaves aggressively and gets offended very easily”™).
Drawing conclusions was defined as explicitly accepting or
rejecting at least one diagnosis (e.g., “I think most likely the
diagnosis is ADHD”). The raters simultaneously coded 15% of the
data before dividing the rest of the data because of substantial
agreement (IRRs: Fleiss’ k = 0.71 for drawing conclusions; Fleiss’
K = 0.75 for evaluating evidence; Fleiss, 1971; Landis and Koch,
1977). The internal consistency across six cases was sufficient
(McDonald’s o = 0.60; McDonald, 1999). We calculated a total
justification score for each participant, with a possible range of 0
to 6 points.

Disconfirmation

We operationalized disconfirmation as present if two or
more differential diagnoses were addressed, resulting in 1 or 0
points per diagnostic argumentation. This round of coding was
done separately from the coding of justification and
transparency for the purpose of our reanalysis. Two expert
raters coded the diagnostic argumentation texts of six cases
regarding a set of differential diagnoses. The coding scheme
consisted of 27 differential diagnoses, which included
non-clinical (e.g., insufficient schooling, emotional stress, and
problematic home environment) and clinical differential
diagnoses (e.g., ADHD, ADD, dyslexia, and autism). The raters
considered the facet of disconfirmation as being included in the
diagnostic argumentation if two or more of these differential
diagnoses were discussed in one diagnostic argumentation,
independent of which diagnosis the participant indicated as the
final diagnosis. The raters simultaneously coded 15% of the data
before dividing the rest of the data (overall IRR: Cohen’s
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K =0.92; Cohen, 1960). The internal consistency was sufficient
(McDonald’s @ = 0.60; McDonald, 1999). We calculated a total
disconfirmation score for each participant, with a possible range
of 0 to 6 points.

Transparency

We operationalized transparency in diagnostic argumentation
as at least one explication of generating evidence, resulting in 1 or
0 points per diagnostic argumentation. The coding for
transparency was done in in the same round as the coding for
justification. coded the diagnostic
argumentation texts regarding generating evidence, which was
defined as an explicit description of accessing informational
sources (i.e., tests or observations; e.g., “I observed Anna’s school-
related behavior and achievement”). The raters simultaneously
coded 15% of the data before dividing the rest of the data because
of substantial agreement (IRR: Fleiss’ k = 0.70; Landis and Koch,
1977). The internal consistency was sufficient (McDonald’s
@ = 0.71; McDonald, 1999). We calculated a total transparency
score for each participant, with a possible range of 0 to 6 points.

Four expert raters

Statistical analyses

For RQ1, we explored the descriptive statistics of justification,
disconfirmation, and transparency in preservice teachers’
diagnostic argumentation texts in terms of both individual facets
(la) and facet combinations (1b). We considered facet
combinations as types of argumentation texts and depicted them
in relation to the individual facets using Epistemic Network
Analysis (ENA; Shaffer, 2017). The ENA algorithm analyzes and
accumulates co-occurrences of elements in coded data, such as the
three facets of argumentation within individual argumentation
texts, to create a multidimensional network model, which is
depicted as a dynamic network graph. To determine the types of
argumentation texts, we grouped the argumentation texts
according to the presence or absence of each argumentation facet
in each argumentation text. The ENA algorithm then accumulated
co-occurrences of the three facets across the argumentation texts
to create a network model. We depicted this model as a
two-dimensional network graph that showed the relative location
of the argumentation types within the resulting two-dimensional
space. We used the ENA online tool to create the network graphs.”
In addition to the descriptive analyses, we calculated Pearson
with  participants’ justification,
disconfirmation, and transparency scores (1c). To investigate RQ2,
we calculated a multivariate multiple linear regression with the
predictors CDK and SDK and the dependent variables
justification, disconfirmation, and transparency. For RQ3, we first
created two separate ENA networks by grouping the diagnostic
argumentation texts that addressed either accurate or inaccurate

correlations overall
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TABLE 1 Prevalence of the individual facets justification, disconfirmation, and transparency in the 709 diagnostic argumentation texts.

Number of argumentation texts including the facet

Number of argumentation texts missing the facet

Justification 468 (66%)
Disconfirmation 183 (26%)
Transparency 327 (46%)

241 (34%)
526 (74%)
382 (54%)

TABLE 2 Prevalence of the argumentation types, indicated by combinations of the facets Justification (J), Disconfirmation (D), and Transparency

(T), in the 709 argumentation texts.

Argumentation types, indicated by Number of facets

combinations of the three facets included
DT 3
DO 2
JoT 2
oDT 2
Joo 1
oDo 1
00T 1
000 o

Number of argumentation texts

Percent of argumentation texts

83 11.7%
90 12.7%
129 18.2%
7 1.0%
166 23.4%
3 0.4%
108 152%
123 17.3%

diagnostic judgments; we tested the difference between the group
means’ locations in the network space using a t-test. To facilitate
the statistical testing of the groups’ network differences, we used
the option of means rotation, which aligns the two group means
on the X-axis of the network, thus, depicting systematic variance
in only one dimension in the two-dimensional space (Shaffer,
2017). Moreover, we again calculated Pearson correlations,
including the participants’ overall scores for diagnostic accuracy,
justification, disconfirmation, and transparency. We also explored
partial correlations, controlling for CDK and SDK. For RQ1Ic and
RQ3, including multiple comparisons (three Pearson correlations
each), the significance level was Bonferroni-adjusted to a = 0.0167
(o = 0.05/3). For the other analyses, the significance level was set
to o= 0.05.

Results

RQ1: Justification, disconfirmation, and
transparency

To investigate whether justification, disconfirmation, and
transparency represent distinct subskills or one joint underlying
diagnostic skill (RQ1), we analyzed the prevalence of the
individual facets (1a) and the combinations of the facets (1b) in
preservice teachers’ individual argumentation texts. Moreover,
analyzed the justification,
disconfirmation, and transparency in preservice teachers’

we relationships  between
diagnostic argumentation (1c). We considered findings of dose
relations to indicate a joint basis of knowledge and skills, and
small or no relations to indicate that the three facets represent

different aspects of diagnostic skills.
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RQ1la: Prevalence of the facets in preservice
teachers’ argumentation texts

Analyzing the descriptive statistics of the prevalence of
justification, disconfirmation, and transparency in preservice
teachers’ individual argumentation texts, we found that
justification was the most common of the three facets in all
diagnostic argumentation texts (see Table 1): Participants
explicitly stated conclusions and justified them by evaluating
evidence alongside the conclusion in 66% (M = 0.66; SD = 0.47)
of all argumentation texts. Disconfirmation was found in 26%
(M = 0.26; SD = 0.44) of all diagnostic argumentation texts,
indicating that the majority of diagnostic argumentation texts did
not involve differential diagnoses but tended to focus on one final
diagnosis. Moreover, we found transparency concerning the
processes of evidence generation in 46% (M = 0.46; SD = 0.50) of
all argumentation texts, indicating that approximately half of the
diagnostic argumentation texts explained the processes of
evidence generation.

RQ1b: Combinations of the facets in preservice
teachers’ argumentation texts

Descriptive statistics of the combinations of justification,
disconfirmation, and transparency are outlined in Table 2. The
combinations of the three facets can be considered different
types of diagnostic texts, which
we distinguished using the following abbreviations: J indicates

argumentation

the presence of justification, D indicates the presence of
disconfirmation, T indicates the presence of transparency, and
O indicates the absence of a facet (e.g., JOT indicates
justification and transparency without disconfirmation; see
Table 2 for all argumentation types and their prevalence). A
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Justification
HooT
JOO
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000
FIGURE 3
Argumentation types (indicated by colored squares) plotted in a two-dimensional space to indicate the relationship between the argumentation
types and the individual facets (indicated by gray nodes) and the co-occurrences of the facets (indicated by blue lines). argumentation types are
characterized by: J, Justification; D, Disconfirmation; T, Transparency; O, Absence of a Facet. For example: JOT, Justification and transparency
without disconfirmation.

notable pattern was that argumentation texts addressing more
than one diagnosis usually discussed the different diagnoses
by evaluating evidence to make and justify conclusions (JDT
and JDO), whereas hardly any argumentation texts addressed
differential diagnoses without making and justifying related
(ODT and ODO). diagnostic
argumentation texts frequently presented a confirmatory
justification of a single diagnosis without discussing
alternative explanations (JOT and JOO). Consequently,

conclusions However,

including disconfirmation in diagnostic argumentation was
dependent on including justification, but justification in
diagnostic argumentation was not dependent on including the
facet of disconfirmation, suggesting a relationship of
unidirectional dependency.

To illustrate the types of argumentation texts and their
relationships with the individual facets, we used ENA to plot both
the argumentation types (indicated by colored squares) and the
individual facets (indicated by gray nodes) in a two-dimensional
space (see Figure 3). The two-dimensional space was built based
on the co-occurrences of two argumentation facets each, which
are indicated by the blue lines. The thickness of the blue lines
represents the relative frequency of the co-occurrences (e.g., the
thick line between justification and transparency relates to the 212
co-occurrences of justification and transparency in /DT and JOT).
The positioning of argumentation types (indicated by the colored
squares) along the X-axis is relative to the facets’ co-occurrences,
which is why JOT is located toward the right-sided node of
transparency and /DO is located toward the left-sided node of
disconfirmation. The central positioning of justification is due to
its high overall prevalence (see Table 1). The positioning of
argumentation types along the Y-axis indicates the argumentation
texts’ comprehensiveness regarding the three facets, with the
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extremes of /DT (all facets are present) and OOO (all facets
are missing).

Overall, the findings indicate that preservice teachers tend to
primarily provide justification in their diagnostic argumentation
as an antecedent to including disconfirmation, transparency, or
both. Moreover, the results suggest that there may be a
relationship of unidirectional dependency of disconfirmation
on justification.

RQ1c: Relations of justification,
disconfirmation, and transparency

Beyond exploring the three facets in the individual
argumentation texts, we also analyzed the descriptive statistics
and correlations teachers’ justification,
disconfirmation, and transparency across the cases. The
descriptive results of the facets’ total scores (see Table 3) were
consistent with the pattern found in the individual
argumentation texts (see Table 1). Participants mostly focused
on justification (M = 3.83, SD = 1.58), rarely used
disconfirmation (M = 1.53, SD = 1.41), and put a medium
emphasis on transparency (M = 2.67, SD = 1.81). The
correlational analysis (see Table 3) indicated that justification
and disconfirmation were significantly correlated, with a large
effect (r = 0.568, p<0.001). By contrast, transparency was not
significantly correlated with justification (r = 0.055, p = 0.554)
or disconfirmation (r = 0.025, p = 0.787). Considering the
unidirectional dependency of disconfirmation on justification
(see the results of RQ1b), we interpreted the overall result
pattern as suggesting that justification, disconfirmation, and
transparency are distinct facets of diagnostic argumentation
rather than indicators of a uniform skill.

of preservice
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TABLE 3 Descriptive results and Pearson correlations of preservice teachers' scores for the three argumentation facets justification,
disconfirmation, and transparency, as well as conceptual and strategic diagnostic knowledge and diagnostic accuracy.

M SD 1.
1. Justification 3,83 1.58
2. Disconfirmation 1.53 141 r=0.568, p=0.000
3. Transparency 2.67 L8l r=0.055p=0.554
4. Conceptual diagnostic knowledge B.86 Le6s r=0.265p=0.004
5. Strategic diagnostic knowledge 6.70 039 r=0.252, p= 0006
6. Diagnostic accuracy 4.42 094 r=0284, p=0.002

2. 3. 4.

r=0.025 p=0.787

r=0.234, p=0011
r=0.042, p= 0652
r=0.105, p=0.259

r=0.041, p =0.659
r=0.194,p =0.035 r=0130, p=0.161
r=0.059,p=0.526

r=0185p=00M5 r=0.222,p=0.016

RQ2: Relations of conceptual and
strategic diagnostic knowledge with
justification, disconfirmation, and
transparency

To explore the extent to which CDK and SDK predicted the
dependent variables of justification, disconfirmation, and
transparency, we calculated a multivariate multiple linear
regression. Participants achieved M = 8.86 points (SD = 1.66)
out of a maximum of 14 points on the CDK test and M = 6.70
points (SD = 0.39) out of a maximum of eight points on the SDK
test (see Table 3). The Pearson correlations of the three
argumentation facets with the variables CDK and SDK are
reported in Table 3. The overall regression model with the
predictors CDK and SDK significantly predicted
justification—F(2, 115) = 7.725, p = 0.001—and explained
11.8% of the variance. Both CDK (p = 0.236, p = 0.009) and
SDK (p = 0.222, p = 0.013) contributed significantly to the
model. Similarly, disconfirmation was significantly predicted by
the overall regression model, with the predictors CDK and
SDK—F(2, 115) = 3.331, p = 0.039—explaining 5.5% of the
variance. Whereas CDK (p = 0.232, p = 0.012) contributed
significantly to the model, SDK did not (p = 0.012, p = 0.898).
By contrast, transparency was not significantly predicted by the
overall regression model, including both predictors, CDK and
SDK—F(2, 115) = 2.264, p = 0.109—which explained 3.8% of
the variance. CDK (p = 0.016, p = 0.861) was not a significant
predictor of transparency; however, SDK (p = 0.192,
p = 0.040) was a significant predictor of transparency in
diagnostic argumentation.

Overall, justification, disconfirmation, and transparency were
each partially explained by CDK, SDK, or both, with small effect
sizes. Across the three facets, there were considerable differences
in the amounts of variance explained by CDK and SDK. Moreover,
the pattern in which CDK and SDK predicted justification,
disconfirmation, and transparency differed considerably.

RQ3: Relationship between diagnostic
judgment and diagnostic argumentation

To explore whether diagnostic judgment and diagnostic
argumentation represent different diagnostic skills, we started
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again by plotting argumentation texts in ENA. First,
we grouped argumentation texts according to diagnostic
accuracy to compare argumentation concerning inaccurate
versus accurate judgments. Second, we explored preservice
teachers’ total scores to investigate whether diagnostic
accuracy correlated with justification, disconfirmation, and
transparency in diagnostic argumentation.

To explore whether the argumentation texts differed if
concerning an accurate vs. an inaccurate judgment, we grouped the
individual argumentation texts by diagnostic accuracy and created
one overall ENA network per group. We descriptively compared
the networks of the groups of argumentation texts concerning
accurate judgments (see Figure 4A) and inaccurate judgments (see
Figure 4C), which we found to be highly similar (see also the
comparison plot in Figure 4B, which shows the other two networks’
differences). To determine whether the two groups of
argumentation texts differed significantly, we centered the
networks, resulting in the two group means (indicated by colored
squares, with confidence intervals indicated by colored dashed
boxes) depicted in Figure 4B.

All networks in Figure 4 were rotated to align both group
means to the X-axis, which enabled statistical testing of group
differences in a single dimension (Shaffer, 2017). The positioning
of the group mean of argumentation texts concerning inaccurate
judgments (M = —0.01, SD = 0.38, n = 100) was not statistically
significantly different from the positioning of the group mean of
argumentation texts concerning accurate judgments (M = 0.01,
SD = 0.41, n = 457; #(153.53) = 0.56, p = 0.58, Cohen’s d = 0.06).
The analysis suggests that, overall, argumentation texts did not
differ if addressing an accurate versus an inaccurate judgment.

We proceeded with a correlational analysis of preservice teachers
total scores to investigate whether their overall diagnostic accuracy
was correlated with justification, disconfirmation, and transparency
(see Table 3). On average, participants achieved a diagnostic accuracy
of M =442 points (SD = 0.94) out of a maximum of six achievable
points. We found that participants’ diagnostic accuracy and
justification were significantly correlated, with a small effect
(r = 0.284, p = 0.002). By contrast, diagnostic accuracy was not
significantly correlated with either disconfirmation (r = 0.105,
p =0.259) or transparency (r = 0.059, p = 0.526).

To determine the role of CDK and SDK in explaining the
relationship between diagnostic accuracy and justification,
we calculated a partial correlation between diagnostic accuracy and
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justification, statistically controlling for CDK and SDK (see Table 3
for the Pearson correlations of CDK and SDK with the argumentation
facets and diagnostic accuracy). We found that the resulting partial
correlation between diagnostic accuracy and justification in
diagnostic argumentation remained significant, with a small effect
(r = 0.211, p = 0.023). Thus, controlling for CDK and SDK hardly
decreased the effect size of the correlation between diagnostic
accuracy and justification. Consequently, our results suggest that
CDK and SDK are not the variables that primarily explain the
relationship between diagnostic accuracy and justification.

Overall, the results only indicate a weak relationship between
the accuracy of preservice teachers’ diagnostic judgments on the
one hand, and justification, disconfirmation, and transparency in
their diagnostic argumentation on the other. CDK and SDK did
not explain the small correlation between diagnostic accuracy and
justification. Moreover, groups of argumentation texts concerning
inaccurate versus accurate judgments did not show a statistically
significant difference. These findings suggest that diagnostic
judgment and diagnostic argumentation can be considered
different diagnostic skills.

Discussion

In exploring whether justification, disconfirmation, and
transparency represent distinct subskills or one joint underlying
diagnostic skill (RQ1), we found that preservice teachers primarily
provide justification in their diagnostic argumentation as an
antecedent to including disconfirmation or transparency in their
diagnostic argumentation. Furthermore, we found a unidirectional
dependency of disconfirmation on justification; diagnostic
argumentation texts presenting more than one diagnosis usually
discussed the differential diagnoses by evaluating evidence to make
conclusions; however, preservice teachers often only argued for their
final diagnosis without discussing competing explanations.
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MNetworks across diagnostic argumentation texts, grouped by diagnostic accuracy and rotated by group means: (A) shows the network of
diagnostic argumentation texts concerning inaccurate judgments. (C) shows the network of diagnostic argumentation texts concerning accurate
judgrments. (B) shows the comparison plot, which depicts the differences between the other two networks, as well as the group means (indicated
by colored squares) and confidence intervals (indicated by colored dashed boxes) of the other two networks.

Concerning the interrelations between justification, disconfirmation,
and transparency, we found that they were distinguishable facets of
diagnostic argumentation. Determining the extent to which
justification, disconfirmation, and transparency were explained by
CDK and SDK (RQ2), we found that justification was predicted by
CDK about diagnoses and evidence as well as SDK about diagnostic
approaches and activities. Disconfirmation of different diagnoses was
only predicted by CDK of diagnoses. By contrast, transparency about
the diagnostic approaches for generating evidence was only predicted
by SDK of diagnostic proceedings for generating evidence. However,
the variance explained by CDK and SDK was low. Furthermore, the
accuracy of diagnostic judgments and justification, disconfirmation,
and transparency in diagnostic argumentation did not necessarily
seem to be related (RQ3). Overall, groups of argumentation texts
addressing either accurate or inaccurate diagnostic judgments did not
show a statistically significant difference. However, in contrast to
disconfirmation and transparency, we found that justification in
diagnostic argumentation was significantly correlated with the
accuracy of diagnostic judgments. Despite statistically controlling for
CDK and SDK, the relationship between the accuracy of diagnostic
judgments and justification in diagnostic argumentation remained
significant, suggesting that other variables may be important in
explaining the relationship.

Overall, we interpreted the results as suggesting that
diagnostic judgment and diagnostic argumentation might
be different diagnostic skills. Finding a relationship between the
accuracy of diagnostic judgments and justification in diagnostic
argumentation supports the relevance and validity of the construct
of diagnostic argumentation. Yet, the argumentation facets
seemed to be sufficiently distinguishable from one another and
from diagnostic accuracy. Finding differences regarding the
predictive patterns of CDK and SDK (see Fortsch et al,, 2018)
supports the notion that justification, disconfirmation, and
transparency are distinct subskills of diagnostic argumentation.
Justification involves explicitly evaluating evidence as the basis for
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concluding a diagnosis (see Fischer et al,, 2014; Heitzmann et al,
2019). Therefore, justification requires CDK about relevant
concepts (e.g., diagnoses, evidence, and their interrelations; see
Fortsch et al, 2018). Moreover, justification requires making
warranted connections between evidence and diagnoses (e.g.,
Toulmin, 1958) to conclude or reject diagnoses, which seems to
be facilitated by SDK (see Fortsch et al., 2018). Disconfirmation
involves addressing differential diagnoses to demonstrate that
alternative explanations have been considered (e.g., Toulmin,
1958; Lawson, 2003), which seems to primarily require CDK
about differential diagnoses. By contrast, transparency, which
involves describing the processes behind evidence generation (see
Chinn et al, 2014; Vazire, 2017), seems to rely on SDK when it
comes to the process of diagnosing a specific problem (e.g., which
informational sources can deliver critical evidence).

Large amounts of variance in justification, disconfirmation, and
transparency remained unexplained by CDK and SDK. Our findings
raise the question of which additional kinds of knowledge and skills
may be used when formulating justified, disconfirming, and
transparent diagnostic argumentation. Beyond CDK and SDK,
we propose two additional variables that might play a role in
explaining justification, disconfirmation, and transparency within
diagnostic argumentation: (1) knowledge about standards in
diagnosing and diagnostic argumentation (see Chinn et al,, 2014;
Bauer et al,, 2020) and (2) argumentation skills that are transferrable
across domains (Hetmanek et al., 2018). In teacher education, there
seems to be limited agreement about standards in diagnostic
practices compared with other fields, such as medical education
(Bauer et al, 2020). Teacher education programs do not yet
systematically teach agreed-upon standards for communicating in
situations that require what we defined as diagnostic argumentation.
Consequently, preservice teachers likely do not have much
knowledge about standards in diagnostic argumentation. There
might also be differences between teacher and medical education in
what are considered suitable standards for diagnostic argumentation
(Bauer et al, 2020). Moreover, teachers and teacher educators might
vary in their views regarding the role of scientific standards in
diagnostic argumentation. Therefore, it is important to continue to
discuss such standards in teacher education. We suggest using
justification, disconfirmation, and transparency as a starting point
from which to further discuss, systematize, and teach standards for
diagnostic argumentation in teacher education.

The performance differences and higher prevalence of
justification observed in the current study may be explained by
argumentation skills that are transferrable across domains. It has
been suggested that cross-domain transferable skills can, to some
extent, compensate for a lack of more specifically relevant knowledge
(e.g. knowledge about standards in diagnostic argumentation;
Hetmanek et al,, 2018). Accordingly, knowledge about standards in
diagnostic argumentation, as well as cross-domain transferable
argumentation skills, may be relevant for explaining justification,
disconfirmation, and transparency in preservice teachers’ diagnostic
argumentation beyond their CDK and SDK. Other possible sources
of variance are additional kinds of knowledge used in diagnosing
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that were not considered in this study, such as scientific knowledge
that is not pertinent to the context (e.g., Hetmanek et al, 2015) or
subjective theories, beliefs, and epistemic goals (Stark, 2017).

CDK and SDK also did not explain the relationship found
between the accuracy of diagnostic judgments and justification in
diagnostic argumentation. Beyond a joint knowledge base, another
variable that could potentially explain the relationship between
accuracy and justification may be the different types of information
processing that occur during the judgment process (see Loibl et al.,
2020). The literature on dual-process theories (see Kahneman,
2003; Evans, 2008) suggests that controlled information processing
results in more conscious and explicable reasoning compared to
intuitive information processing (e.g., pattern recognition; see
Evans, 2008). Thus, a controlled analysis of evidence during the
judgment process could affect the accuracy of diagnostic judgments
(see Coderre et al,, 2010; Norman et al,, 2017) and at the same time
facilitate justification in diagnostic argumentation.

Limitations and future research

One methodological limitation that needs to be discussed is
the low internal consistency of diagnostic accuracy across
diagnostic judgments, which may hide further correlations that
were not observed in the results. Low internal consistency values
are a common issue in measurement instruments with small
numbers of items (e.g., Monteiro et al., 2020). However, we did not
assume that low internal consistency was a major issue for our
interpretations because we still found the theoretically expected
relations of diagnostic accuracy with the variables CDK and SDK.

The operationalization of the judgment process in the
simulation-based learning environment might be considered to limit
generalizability to real-life practice situations, in which teachers’
judgment processes might take place over several days or weeks and
involve higher degrees of complexity and ambiguity compared to our
simulated cases. However, in our simulation, preservice teachers
could decide by themselves how much evidence they wanted to
collect, and in which order they would access which informational
sources (e.g., conversation protocols). Therefore, we argue that, for
the purpose of our research goals, the simulation provided a
sufficient representation of a real-world diagnostic situation.

Descriptive results of the participants’ performance in all
three argumentation facets across the measurement points of the
different cases suggest that participants’ performance generally
decreased throughout the data collection. The long duration of
the study might have exhausted the participants or decreased
their motivation. In addition, some participants might have
concluded from the order of the tasks in the simulated cases that
they would not need to include their initially indicated diagnostic
judgments as a conclusion in their subsequently written
diagnostic argumentation texts. Given that the operationalization
of justification required participants not only to evaluate evidence
but also to explicate conclusions in their argumentation texts,
their argumentation skills in terms of justification might have
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been underestimated in our study. Therefore, generalizing to
teachers in authentic classroom situations based on our
participants’ performance should be done with caution.

There are areas other than students’ clinical problems in which
teachers’ diagnosing is relevant (e.g., assessing a student’s level of
skill). Our choice of topic might limit the generalizability of the
findings to other areas of diagnosing in teacher education. However,
we consider the conceptualization of diagnostic argumentation (ie.,
justification, disconfirmation, and transparency) presented in this
article nonspecific to the content area of clinical problems. Thus,
we expect the result pattern to be replicable in other areas of teachers’
diagnosing, which could be investigated in further research.

To explore the research questions addressed in this paper,
we reanalyzed the data collected in a prior cross-sectional study.
The sample was too small to employ structural equation modeling,
which would have been preferable to analyzing the data with
correlation and regression analyses. Although our results provide
initial evidence of the potential relationships between the
investigated constructs, they must be replicated in future research
using larger samples and advanced methods.

Future research is necessary to further validate the findings that
diagnostic argumentation is a diagnostic skill that is distinct from
diagnostic judgment. For this purpose, we recommend the approach
to investigate preservice teachers performance based on both
qualitative and quantitative data as illustrated in our study. In
particular, possible joint predictors of accurate diagnostic judgments
and justified diagnostic argumentation, such as controlled
information processing during the judgment process, require further
clarification because CDK and SDK did not seem to explain the
relation between accuracy and justification. Additionally, further
research in teacher education should investigate the knowledge and
skills that underlie justification, disconfirmation, and transparency
beyond CDK and SDK, such as knowledge about standards in
diagnosing, cross-domain transferrable argumentation skills, as well
as subjective theories, beliefs, and experiential knowledge regarding
evidence-oriented practice.

In our study, we did not specify a particular recipient to whom
preservice teachers should direct their diagnostic argumentation.
However, diagnostic argumentation might vary considerably
depending on the recipient (e.g., a teacher colleague, a school
psychologist, or a parent) and the argumentative situation (during a
collaborative judgment process or subsequent to making a
judgment). For example, prior research in collaborative diagnosing
has emphasized the potential role of meta-knowledge about the
collaborating professional’s role and responsibilities (Radkowitsch
etal, 2021). Therefore, future studies might systematically investigate
the role of different recipients in teachers’ diagnostic argumentation.

Research may also validate whether professionals in teacher
education justification, disconfirmation,
transparency as facilitating comprehensibility and persuasiveness
in diagnostic argumentation or whether our suggested conception
of argumentation facets needs to be further specified for the area
of teacher education. One interesting and potentially relevant
direction in which to further develop our conception might

perceive and
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be found in the literature on professional vision, which
distinguishes between describing and interpreting evidence as
two different forms of how evidence is reported and evaluated in
the context of teachers’ diagnosing (Seidel and Stiirmer, 2014;
Kramer et al., 2021b). Moreover, researchers could explore the
potential of different learning opportunities and support
for fostering preservice diagnostic
argumentation. Similarly, researchers could investigate whether
diagnostic judgment and diagnostic argumentation have similar
or different developmental trajectories and might benefit from
similar or different forms of instruction.

measures teachers’

Conclusion

In this article, we presented evidence suggesting that diagnostic
judgment and diagnostic argumentation might represent different
diagnostic skills. Preservice teachers do not necessarily seem to
be equally capable of making accurate diagnostic judgments on the
one hand, and formulating justified, disconfirming, and transparent
diagnostic argumentation on the other. We suggest that justification,
disconfirmation, and transparency can be considered relevant facets
and distinct subskills of diagnostic argumentation, as our results
appear to indicate differences in the underlying knowledge bases.
Despite the fact that CDK and SDK explain some variance in
justification, disconfirmation, and transparency, the portion of
variance they explain might be rather small. Thus, additional variables
may be relevant predictors of justification, disconfirmation, and
transparency in diagnostic argumentation, such as knowledge of
diagnostic standards or cross-domain transferable argumentation
skills. Including these additional constructs in further investigations
would be a promising direction for future research on diagnostic
argumentation. In addition, it seems particularly important that
researchers and educators in the field of teacher education, as well as
in-service teachers as practitioners in the field, further reflect on
standards in diagnosing and diagnostic argumentation. Justification,
disconfirmation, and transparency may serve as a productive set of
constructs for establishing standards for teachers diagnostic
argumentation in the future.
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ARTICLEINFO ABSTRACT

Keywords: In simulations, pre-service teachers need sophisticated feedback to develop complex skills such as diagnostic
Simulation-based learning reasoning. In an experimental study with N = 178 pre-service teachers about simulated pupils with learning
Teacher education difficulties, we investigated the effects of automatic adaptive feedback, which is based on artificial neural net-
Amﬁ':f'“j intelligence works, on pre-service teachers’ diagnostic reasoning. Diagnostic reasoning was operationalised as diagnostic
Adaptive feedback

accuracy and the quality of justifications. We compared automatic adaptive feedback with static feedback, which
we provided in form of an expert solution. Further, we experimentally manipulated whether the leamers worked
individually or in dyads on the computer lab-based simulations. Results show that adaptive feedback facilitates
pre-service teachers’ quality of justifications in written assignments, but not their diagnostic accuracy. Further,
static feedback even had detrimental effects on the learning process in dyads. Automatic adaptive feedback in
simulations offers scalable, elaborate, process-oriented feedback in real-time to high numbers of students in

Natural language processing

higher education.

1. Introduction

Teachers’ diagnostic reasoning skills are essential for dealing with
increasing diversity and heterogeneity in classrooms: pupils have
diverse and changing learning prerequisites that teachers must consider
in order to offer individual support (Reinke, Stormont, Herman, Puri, &
Goel, 2011). However, there are indications that diagnostic reasoning is
often neglected in teacher education and that teachers themselves
consider their diagnostic skills insufficient (Poznanski, Hart, & Gra-
ziano, 2021). In teacher education as in many other higher education
(HE) programmes, it is often not possible to offer extensive real-life
practice of specific instances of diagnostic reasoning (Grossman et al,
2009; Heitzmann et al,, 2019).

One promising option to overcome this gap between education and
practice is to provide pre-service teachers with simulation-based
learning opportunities, which are less overwhelming than real-life sit-
uations by isolating skills early on in professional learning (Chernikova
et al.,, 2020). However, simulations might not be helpful per se, but need
to be accompanied by further instructional guidance like targeted

feedback to become effective. Specifically, due to the complexity
involved in simulation-based leamning of diagnostic reasoning, learners
may need specific support and feedback to make full use of theirlearning
opportunities (Kiesewetter et al,, 2020). Feedback that is adapted to
learners’ needs is resource intensive for HE teachers (see Henderson,
Ryan, & Phillips, 2019); partially automating the feedback seems
promising but also challenging.

Involving collaborative learning scenarios is another pedagogical
approach in the context of simulation-based learning. Existing studies
found that, compared to individuals, collaborative leamers often
perform better in solving reasoning problems in simulated scenarios
(Csanadi, Kollar, & Fischer, 2021). Moreover, learners seem to be better
in critical evaluation of other’s arguments than their own arguments
(Mercier & Sperber, 2017), suggesting collaborative scenarios may be
beneficial for learning complex diagnostic tasks. We conducted a study
in which we investigated the effects of automated adaptive feedback on
pre-service teachers’ simulation-based learning of diagnostic reasoning
in individual and collaborative learning settings.
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1.1. Teachers’ diagnostic reasoning

Facilitating pre-service teachers’ learning of diagnostic reasoning
seems important to prepare them for diagnostic reasoning in real
classroom settings and in school. We consider teachers’ diagnostic
reasoning broadly as the goal-oriented collection and integration of in-
formation, aiming to reduce uncertainty in order to make educational
decisions (Heitzmann et al, 2019). Studies have shown that teachers’
diagnosis of their pupils’ various learning prerequisites is important in
order to provide individual pupils with suitable support (Reinke et al,
2011). Part of pupils’ learning prerequisites may also be learning diffi-
culties such as dyslexia or behavioural disorders like attention deficit
hyperactivity disorder (ADHD). These require early identification to
intervene in a timely manner and provide affected pupils with the
necessary support. To avoid disadvantaging single pupils due to insuf-
ficient or unsuited support, generating greater problems in the future, it
is vital that teachers identify cues to learning difficulties early in a pu-
pil's school career. We conceptualise the recognition of these cues as an
important part of teachers’ effective diagnostic reasoning (Poznanski
et al., 2021).

Diagnostic reasoning skills can develop by engaging in practice, i.e,
by repeated knowledge application and exposure to various diagnostic
problems. Thereby, knowledge becomes increasingly encapsulated into
higher-level concepts (Schmidt & Rikers, 2007), With further experience
and thus practice, knowledge is integrated into episodic representations
of diagnostic problems, which is referred to as script formation (Charlin
etal, 2012; Lachner, Jarodzka, & Niickles, 2016). Diagnostic reasoning
can be assessed regarding the achievement of target criteria, such as
diagnostic accuracy, which indicates the degree of comrectness of a
teacher’s diagnostic judgement (Kolovou, Naumann, Hochweber, &
Praetorius, 2021). Beyond achieving diagnostic accuracy, justifying di-
agnoses and explaining the underlying diagnostic reasoning are helpful
and crucial for collaborating with other teachers or school psychologists
(Csanadi et al, 2021). Justifying diagnoses by providing supporting
evidence facilitates collaborators’ understanding of the diagnostic
reasoning (see Hitchcock, 2005). Justifications can also facilitate a
process of considering and reconciling explanations within collaborative
diagnostic reasoning and thus help improve the diagnosing (see Berland
& Reiser, 2009). Therefore, we conceptualise the pre-service teachers’
learning of diagnostic reasoning with both outcomes of teachers’
reasoning, diagnostic accuracy and the quality of justifications.

1.2. Simulation-based learning to foster diagnostic reasoning

To foster diagnostic reasoning, there is evidence that pre-service
teachers’ practicing diagnostic reasoning in authentic contexts or with
authentic cases during HE can be effective (Van Merrienboer, 2013;
VanLehn, 1996), which is one reason why simulation-based learning has
been identified as an innovative way forward in teacher education.
Simulations are partial representations of professional situations, with a
set of features that can be manipulated by leamers (see Codreanu,
Sommerhoff, Huber, Ufer, & Seidel, 2020). This can involve authentic
cases of simulated pupils that teachers will deal with as part of their
work. Authentic cases of simulated pupils provide learning opportu-
nities to practice diagnostic reasoning, which is needed as an in-service
teacher. Simulations are particularly beneficial in terms of practicing
critical but infrequent situations and focusing on specific subsets of
practices in which leamers can repeatedly engage (Grossman et al,
2009). Therefore, simulation-based learning is considered a highly
promising instructional approach for learning diagnostic reasoning in
teacher education (Codreanu et al, 2020).

However, diagnosing simulated pupils even in simulation-based
learning is a complex task for pre-service teachers and might not be
effective per se (see Kiesewetter et al., 2020). Research emphasised that
especially novice learners, who lack a certain level of prior knowledge
and skills, need particular support and feedback to effectively learn
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complex skills (Cook et al, 2013; Wisniewski, Zierer, & Hattie, 2019).
Therefore, pre-service teachers may need specific support and feedback
to effectively learn diagnostic reasoning in simulation-based learning.

1.2.1. Adaptive feedback in simulation-based learning

Receiving feedback is considered a necessary condition for hamness-
ing the potentials of simulation-based learning of complex skills, such as
diagnostic reasoning (Cook et al, 2013; Scheuer, McLaren, Loll, &
Pinkwart, 2012). In order to be effective in supporting the learning of
complex skills, feedback needs to elaborate on ways to appropriately
process the task, not only provide information about correct task solu-
tions (MNarciss et al,, 2014; Wisniewski et al, 2019). Elaborating on
appropriate or optimal processing of the task is often done by presenting
expert solutions, which exemplify the processing of the task following
the learner’s own efforts to solve the problem (Renlkl, 2014). Presenting
an expert solution as a form of static feedback (i.e., non-adaptive feed-
back) is resource-efficient in HE, because all learners receive the same
generic feedback; besides, it can easily be provided automatically in
digital learning environments. However, learners need to determine
their current state of knowledge and performance and figure out options
for improvement by themselves, by comparing their own processing and
solution with the expert solution. This process can be demanding and
difficult for learners, involving being confronted with a large amount of
information, possibly exceeding leamners’ cognitive capacity (Sweller,
van Merriénboer, & Paas, 2019). In contrast to such static feedback,
adaptive feedback can accommodate learners’ specific needs by making
appropriate adjustments to the feedback based on learners’ performance
(see Plass & Pawar, 2020). Such adaptive feedback can highlight and
thus facilitate learners’ understanding of their current state of knowl-
edge and options for improvement, for example by identifying gaps
between a learner’s current and desired knowledge state or providing
additional explanations if the task processing was flawed (Bimba, Idris,
Al-Hunaiyyan, Mahmud, & Shuib, 2017; Narciss et al.,, 2014; Plass &
Pawar, 2020). Adaptive feedback might thus increase germane cognitive
load, that is, the cognitive resources invested in actual learning pro-
cesses (Sweller et al, 2019). Freeing up cognitive resources for learning
processes to actually happen might be particularly helpful in learning
complex skills like diagnostic reasoning. Therefore, pre-service teachers’
simulation-based learning of diagnostic reasoning might be effectively
supported by process-oriented, adaptive feedback on their diagnostic
reasoning (Wisniewski et al., 2019).

1.2.2. Automation of adaptive feedback in simulation-based learning
Adaptive feedback, however, is resource-intensive for HE teachers if
done manually for every learner's task solution. Automating adaptive
feedback on the leamers’ task processing to make process-oriented,
adaptive feedback accessible to numerous learners is a potential solu-
tion. Research explored various possible applications of automatically
assessing closed format questions or log data in cognitive tutors and
intelligent tutoring systems (Graesser, Hu, & Sottilare, 2018). However,
complex reasoning tasks in simulations require justifications consoli-
dated in written explanations. For open ended explanations, recent ad-
vancements in artificial intelligence and machine learning offer new
technical capabilities with help of artificial neural networks. In partic-
ular, methods of Natural Language Processing (NLP) aim to parse,
analyse, and understand human language (Manning & Schiitze, 2005)
and thus, enable automating a real-time measurement of certain aspects
of learners” written solutions without a human corrector (see Plass &
Pawar, 2020). In the context of diagnostic reasoning, artificial neural
network-based NLP models for sequence tagging can be specialised for
the particular context of diagnostic reasoning: they can be trained to
automatically detect diagnostic entities (e.g., cues or diagnoses) and
epistemic activities (e.g., hypothesis generation or evidence evaluation;
see Schulz, Meyer, and Gurevych (2019) in leamners’ written explana-
tions. Based on predictions provided by the models, pre-service teachers
can be automatically offered predefined feedback elements that are
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adapted to the corresponding detected diagnostic entities and e pistemic
activities in written explanations of their diagnostic reasoning (Pfeiffer
et al, 2019). However, the use of NLP involves challenges: the pre-
dominant learning paradigm in NLP utilises transfer learning strategies
where models or word representations are pre-trained on freely avail-
able text corpora (Howard & Ruder, 2018; Mikolov, Sutskever, Chen,
Corrado, & Dean, 2013). These models are subsequently fine-tuned on
the target task, which, depending on the similarity of the source and
target domain, can result in a considerable decrease in performance.
This is particularly challenging when the target task involves
domain-specific terms, which might have been seldomly used in text
corpora or even in training data that are used for fine-tuning the target
task. Further, as the pre-training approaches rely on unsupervised
methods, i.e, trained on unlabelled data, biases (e.g. gender) can be
encoded in the pre-trained representations (Bolukbasi, Chang, Zou,
Saligrama, & Kalai, 2016), which have to be monitored and considered.
Despite these challenges, there is initial evidence that using NLP to
automate adaptive feedback on learners’ written solutions concerning
an online task about climate change leads learners to revise their solu-
tions, which improved the quality of their justifications (Zhu et al,
2017; Zhu, Liu, & Lee, 2020).

In summary, we assume that compared to providing an expert so-
lution as a form of non-adaptive, static feedback, NLP-based automatic
adaptive feedback may be employed to support pre-service teachers in
simulation-based learning of diagnostic reasoning in terms of the quality
of their justifications. To what extent NLP-based adaptive feedback can
also advance diagnostic accuracy has hardly been investigated.

1.2.3. Individual and collaborative learning in simulation-based learning

The need for adaptive feedback on pre-service teachers’ learning of
diagnostic reasoning in simulation-based learning may differ depending
on the social form of learning. Learners seem better in the critical
evaluation of other's arguments than their own arguments (Mercier &
Sperber, 2017). Throughout collaboration, learners can use their part-
ners as resources in negotiating meaning and as an additional source of
feedback (Weinberger, Stegmann, & Fischer, 2010), by adaptively cor-
recting each other and filling the collaboration partner’s knowledge
gaps. Therefore, collaborative learners’ need for adaptive feedback in
diagnostic reasoning may be lower compared to individual learners.
However, there is also evidence that collaborative learners show higher
learning gains with adaptive feedback (Chuang & O'Neil, 2012; Hsieh &
O'Neil, 2002). As collaborative learners might be affected by transaction
costs, because they need cognitive capacity for interacting, expressing
thoughts, and monitoring another's understanding, they might be
particularly in danger of cognitive overload in complex tasks like diag-
nostic reasoning (Dillenbourg, 2002; Janssen & Kirschner, 2020). Thus,
the effects of adaptive feedback on germane cognitive load might be
even more pronounced in collaborative learning contexts where cogni-
tive resources are taxed through additional collaboration load (Kirschner,
Paas, & Kirschner, 2009).

Regarding diagnostic reasoning, research comparing collaborative
processing of diagnostic reasoning tasks with individual processing in-
dicates differences in the processing approaches. These different ap-
proaches may affect diagnostic accuracy and the quality of justifications:
on the one hand, collaborative leamers generate more hypotheses and
evaluate more evidence before suggesting a solution (Csanadi et al,
2021) and they apply a more reflective approach by processing the task
information under different perspectives (Okada & Simon, 1997). In-
dividuals, on the other hand, seem more determined in proposing so-
lutions (Csanadi et al.,, 2021).

Based on these contrasting findings regarding the benefits and costs
of collaboration — particularly in the field of simulation-based learning
(Cook et al,, 2012, 2013) - it is difficult to derive directed hypotheses.
However, it is plausible to assume that the effects of different kinds of
feedback differ depending on whether learners learn alone or together.
Thus, we hypothesise an interaction of feedback type with the social
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form of learning (i.e., an undirected hypothesis).
1.3. The present study

In this study, we employ an automatic adaptive feedback algorithm
in a simulation setting that is based on NLP methods. The algorithm was
implemented to provide feedback on pre-service teachers’ written ex-
planations of their diagnostic reasoning about simulated pupils with
learning difficulties. In this context, diagnostic reasoning is expressed in
diagnostic accuracy (i.e, whether or not diagnoses are correct), and in
the quality of diagnostic justifications (i.e., the extent to which relevant
supporting pieces of evidence for the diagnoses are presented). We
investigate effects of automatic adaptive NLP-based feedback compared
to static feedback (i.e, expert solutions). Automatic adaptive feedback
provides process-related feedback and can foster learners’ understand-
ing of their current state of knowledge and suggest where and how to
improve current performance (MNarciss et al., 2014; Plass & Pawar, 2020;
Wisniewski et al, 2019). We hypothesise that automatic adaptive
feedback is more effective than static feedback in fostering learners’
diagnostic reasoning in the learning process (see Zhu et al, 2017; Zhu
etal, 2020; Hypothesis 1a for diagnostic accuracy; 1b for the quality of
justification). We further investigate whether potential effects of auto-
matic adaptive feedback might interact with the social form of leamning,
that is, whether pre-service teachers leam individually or collabora-
tively. On the one hand, adaptive feedback might have higher impact for
individual learners than for collaborators since collaborative learners
can provide each other with adaptive feedback during the task pro-
cessing (Weinberger et al, 2010). On the other hand, collaborators’
needs for adaptive feedback might be higher compared to individual
learners because of transaction costs (Janssen & Kirschner, 2020). We
hypothesise an interaction of the social form oflearning and the type of
feedback on diagnostic reasoning in the learning process (Hypothesis 2a
for diagnostic accuracy; 2b for the quality of justification). Further, we
hypothesise a positive effect of automatic adaptive feedback on learners’
diagnostic reasoning skills in a post-test (Hypothesis 3a for diagnostic
accuracy; 3b for the quality of justification). We also hypothesise an
interaction effect of the social form of learning and the type of feedback
on diagnostic reasoning skills in a post-test (Hypothesis 4a for diagnostic
accuracy; 4b for the quality of justification).

2. Method
2.1. Sample and design

A total of N = 178 pre-service teachers for primary school and higher
track secondary school from a German university participated in the
study. We recruited the pre-service teachers by advertising in lectures, in
online courses, and on campus. The study utilised a 2X2 between-
subjects experimental design. Learners were randomly assigned to one
of four conditions: they received either static or adaptive feedback and
worked either collaboratively or individually. Sixty pre-service teachers
learned individually, half of them received static feedback while the
other half received adaptive feedback. The remaining 118 pre-service
teachers were randomly grouped into dyads. One dyad was excluded,
because one of the partners tumed out not to be a pre-service teacher.
Half of the dyads received static feedback; the other half received
adaptive feedback. The adjusted sample size is N = 118 units (60 indi-
vidual learners and 58 dyads).

The 137 (77%) women and 39 (22%) men were on average 23.34
years old (SD = 3.58, min = 18, max = 35) and their study semester
varied from semester 1 to 16 (M = 5.84, SD = 3.73). The distribution
regarding age and gender in our study is comparable with the population
of pre-service teachers in Germany.
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2.2, Learning environment and the learners’ task

The study was conducted using the computer-based learning plat-
form CASUS (https://www.instruct.eu/casus/), on which pre-service
teachers learned with simulated pupil cases. The simulated pupils are
constructed building child profiles with various leamning difficulties. In
the leaming phase, the leamers worked on six simulated pupil cases,
which are available in an open science repository https://osf.io/knfmu/.
Three of the cases were concerned with children with specific learning
difficulties with impairment in reading and/or writing (dyslexia or
isolated reading or spelling disorder). The other three cases dealt with
diseases from the spectrum of Attention-Deficit and/or Hyperactivity
Disorder (ADD or ADHD). We used document-based simulations
(Heitzmann et al., 2019): the learners had access to different types of
materials that described the behaviour of the simulated pupil. The ma-
terial included a transcript of a conversation between the teacher and
the parents of the child, the pupil’s school assignments and certificates,
and a description of the pupil’s learning and social behaviour. Learners
decided how many information sources they examined and in which
order. Following each case, pre-service teachers wrote an explanation of
their diagnostic reasoning. After that, the learners received either
automated or static feedback on their written explanation. A detailed
explanation of the leaming environment can be found in Bauer et al.
(2022).

2.3. Manipulation of independent variables

Depending on the experimental condition, the learning environment
provided either static or adaptive feedback and the pre-service teachers
learned either individually or collaboratively.

2.3.1. Static and adaptive feedback

Static feedback: After learners had entered and justified their diag-
nosis, they received an expert solution of the case and were asked to
compare it with their own solution. Two independent domain experts
validated the expert solutions prior to their use in the study. An example
of static feedback is shown in Fig. 1.

Automatic adaptive feedback: Learners’ diagnostic explanation was
analysed in real-time using NLP: we applied a sequence labelling
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approach to identify diagnostic classes, consisting of diagnostic entities
(e.g., reading problems, hyperactivity) and diagnostic activities (hy-
pothesis generation, evidence generation, evidence evaluation, and
drawing conclusions), in pre-service teachers’ written explanations. To
automatically and adaptively provide feedback on learners’ current
diagnostic reasoning, a system consisting of three components (Neu-
ralWeb, INCEpTION, and CASUS) was implemented (for in-depth
explanation see Pfeiffer et al, 2019). First, in a “cold-start” phase,
domain experts coded explanations written by learners of a prior study
with N =118 pre-service teachers, who worked on the same simulations
in the learning environment CASUS (see Bauer et al,, 2020). The experts
used the annotation platform INCEpTION (https://inception-project.
github.io/) and coded the data according to diagnostic entities and
epistemic activities (for details see Schulz, Mever, & Gurevych, 2019).
Second, the coded data was used to initially train a predictive model in
NeuralWeb, a Python-based web service. Third, the written explanations
of new learners, who participated in the present study, were processed
through the NeuralWeb model to output a label-set of discrete diagnostic
classes (diagnostic entities and epistemic activities). In a nutshell, we
utilised state-of-the-art artificial neural network-based models for
sequence tagging (see Akbik et al.,, 2019), specialised for the setting of
diagnostic reasoning (see Pfeiffer et al., 2019), which have been shown
to outperform standard baselines for these types of tasks (for a com-
parison of alternative models see Schulz, Mever, & Gurevych, 2019).

Depending on the automatically identified classes, specific para-
graphs of predefined feedback text were adaptively activated. The
feedback paragraphs were created by domain experts and validated by
independent domain experts prior to the study. Experts created
approximately 40 feedback paragraphs for every case. For example,
these feedback paragraphs informed the learer that a specific symptom
was correctly identified in the simulated pupil case. When the corre-
sponding element of a pupil’s profile was not detected in a leamer’s
written explanation, the feedback informed the learner that they missed
mentioning that symptom. The identified classes and the automatic
adaptive feedback, consisting of a range of different feedback para-
graphs, were sent back to the learning environment CASUS. CASUS then
presented this adaptive feedback to the user.

The automatic adaptive feedback targets two levels of the learner’s
written explanation of their diagnostic reasoning: diagnostic activities
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(whether appropriate reasoning activities were applied or missing) and
diagnostic entities (whether the chosen diagnosis and its justification are
correct, incorrect, or missing in terms of the domain-specific and case-
specific content). By clicking on feedback paragraphs, the relating text
part, which was identified in their answer, was highlighted (see Fig. 2).

After the feedback, learners were presented with the next case. There
was no opportunity for a revision of the initial written explanation after
the feedback.

2.3.2. Individual and collaborative learning

In the individual condition, every learner worked on their own in a
computer lab. In the collaborative condition, two leamers worked
together as a dyad. The two partners each worked on their own com-
puter in separate computer labs and communicated via headsets. We
lightly structured the collaboration of the dyads by a scene level script
(see Vogel, Wecker, Kollar, & Fischer, 2017). We assigned two roles to
the learners, namely main user and secondary user. The main user
actively operated in the CASUS learning environment and shared their
screen with the collaborating partner. The secondary user was able to
advise and discuss with the main user (for details see Kiesewetter et al,,
2022). After three of the six learning cases, the roles changed. In the
beginning of the study, collaborative learners were explicitly told to
exchange ideas with their learning partner and to write their explana-
tion together.

2.4, Procedure

On average the learners needed M = 170.17 min to complete the
study (SD = 31.59 min). At first, we introduced the participants to the
learning platform CASUS by a short video. Second, the pre-service
teachers completed a questionnaire containing demographics and a
conceptual knowledge test. Third, they watched an 18-min video with
theoretical input about specific learning difficulties included in the
simulation to compensate for possible differences in prior knowledge.
Fourth, the participants worked on the six learning cases (individually or
collaboratively and receiving static or adaptive feedback). After three of
the six learning cases, participants had a 10-min break. After that,
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participants completed the remaining three learning cases. Lastly, the
participants completed a post-test with two unsupported cases; these
were cases similar to the learning cases in the learning phase and also
concerned with pupils with learning difficulties (dyslexia and ADD),
however, without any feedback, and without a learning partner. For
their participation, the participants received 50 Euros as compensation.

2.5. Measures

2.5.1. Prior conceptual knowledge

Conceptual knowledge, which refers to knowledge about concepts
and their interrelations in a certain domain, is considered a necessary
prerequisite for successful diagnostic reasoning (leitzmann et al,
2019). We operationalised prior conceptual knowledge about learning
disorders with 14 questions about reading and writing difficulties as
well as behavioural disorders from the spectrum of ADHD or ADD. The
questions were single choice questions with four answer options and one
right answer option for each question. Choosing the correct answer was
awarded with one point. For dyads, which we used as one unit of
analysis for the collaborative learning setting, we calculated the mean
score of both collaborators for every item. Further, we calculated the
mean score of the 14 items to operationalise it. As the conceptual
knowledge represented several potentially independent areas (e.g.,
ADHD, dyslexia) rather than only one, we assume that the scale reflects a
formative instead of a reflective construct and thus we will report the
variance inflation factor (VIF). A VIF statistic for formative constructs
should be lower than 3.3, meaning that less than 70% of the indicator’s
variance is explained by the other indicators (Stadler, Sailer, & Fischer,
2021). The items for prior conceptual knowledge showed no variance
inflation, indicating an appropriate measurement as a formative
construct (VIF i, = 1.20; VIFax = 1.78).

2.5.2. Diagnostic accuracy

We used the written explanations of learners’ diagnostic reasoning as
the data source to determine leaners’ diagnostic accuracy in each case.
Based on the expert solutions, we developed a coding scheme to oper-
ationalise diagnostic accuracy for each learning case and each post-test
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case. We used one category per case, which represented the presence
(coded as 1) or absence (coded as 0) of the correct diagnosis in the
learners’ explanation. Two trained coders independently coded the
written explanations of 11 individual learners and nine dyads (16.9% of
the overall data) regarding diagnostic accuracy. The written explana-
tions used in the training were from learners of all four conditions. The
inter-rater agreement for diagnostic accuracy, assessed with Cohen’s
kappa, was high (x = 0.95). The remaining material was coded
individually.

Diagnostic accuracy in the learning process consisted of five categories,
each indicating the presence of the correct diagnoses in the written
explanation of learning cases numbered two to six. The first learning
case was not included in the learning process measurement as the
learners received the first feedback after the completion of the cases. We
calculated the mean score of the frequencies of these five categories to
operationalise diagnostic accuracy in the learning process. The reli-
ability of this variable was acceptable (McDonald's o = 0.61).

Post-test diagnostic accuracy consisted of two categories, each indi-
cating the presence of the correct diagnoses in the written explanation of
both unsupported post-test cases. All participants solved the two post-
test cases individually. To obtain the post-test diagnostic accuracy for
the dyads, we calculated the mean value for every category for every
dyad. Further, we calculated the mean score of the frequency of the two
categories to operationalise post-test diagnostic accuracy. These two
categories showed a significant correlation of r = 0.43 (p < .001),
indicating sufficient internal consistency.

2.5.3. Quality of justification

To determine leamners’ quality of justifications in each case, we used
the written explanations of learners’ diagnostic reasoning as the data
source. We developed a coding scheme, which is based on expert solu-
tions, to operationalise the quality of diagnostic justifications. We used
six categories for each case, which indicated the presence (coded as 1) or
absence (coded as 0) of the six primary supporting pieces of evidence for
the correct diagnosis. Based on experts’ solutions, employing all six
pieces of evidence in a case is considered a high-quality justification.
Again, two trained coders independently coded the written explanations
of 11 individual learners and nine dyads (17% of the overall data)
regarding the quality of justifications. Cohen’s kappa for the quality of
justification was high (x = 0.91).

We used the described coding of the learners’ explanations to oper-
ationalise the quality of justification in both the learning process and the
post-test quality of justification.

The quality of justification in the learning process was operationalised
by 30 categories. We used learners’ explanations from five learning
cases (learning cases two to six), in which we used six categories rep-
resenting the presence or absence of the primary supporting pieces of
evidence for the correct diagnosis in each learning case. As the learners
received the first feedback after completing the first learning cases, we
excluded the first case for the measurement of the quality of justification
in the leamning process. We calculated the mean score of the 30 cate-
gories. The reliability of the variable is acceptable (McDonald's w =
0.75).

Post-test quality of justification consisted of 12 categories, which were
assigned in the learners’ explanations from two unsupported post-test
cases that all students completed individually at the end of the study.
In each of these two post-test cases we used six categories, which were
coded for the presence or absence of supporting evidence in the corre-
sponding case. To obtain the quality of justification values for the dyads,
we calculated the mean value of each of the 12 categories of every dyad.
Then, we calculated the mean score for the 12 categories for the quality
of justifications in the post-test. The reliability of the variable was rather
low (McDonald’'s @ = 0.50).

2.5.4. Time-on-task
As a control measure, we included time-on-task, which is the time
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that learners spent with the leaming material (e.g, report of grades,
description of a pupil’s social behaviour), not including the time they
spent with writing the explanation and reading the feedback. We
measured time-on-task for all six learning cases and computed a sum
score.

2.6. Statistical analyses

To investigate Hypotheses 1(a, b) and 2(a, b) we calculated a
MANCOVA, using the type of feedback and the social form of learning as
independent variables. The diagnostic accuracy and the quality of jus-
tifications in the learning process were dependent variables. To control
for prior conceptual knowledge, we used this variable as a covariate. To
account for individual differences in time-on-task, we included it as a
covariate as well. To account for non-normal distribution, time-on-task
values were log transformed (see Van der Linden, 2016). Hypotheses 3
(a b) and 4(a, b) were also tested by a MANCOVA. We included the same
independent variables and covariates in this MANCOVA as in the
MANCOVA for Hypotheses 1(a, b) and 2(a, b), however this time we
used post-test diagnostic accuracy and the post-test quality of justifica-
tions as dependent variables. We analysed the data with IBM SPSS
Statistics 26 and set the alpha level to « = 0.05.

2.7. Ethics clearance

The study was approved by the Medical Faculty’'s Ethics Committee
of Ludwig-Maximilians-Universitat Miinchen (no.17-249).

3. Results
3.1. Prior conceptual knowledge (Randomisation check)

Descriptive results of the participants’ prior conceptual knowledge in
the four conditions of the 2X2 design are shown in Table 1. The de-
scriptives indicate comparable levels of prior knowledge across all
conditions. An ANOVA with the independent variables type of feedback
and social form of leamning did not reveal indications for systematic
apriori differences (type of feedback, F(1,114) = 0.09, p = .76, ), =
0.001, social form of learning, F(1,114) = 0.66, p = .42, n = 0.006, and
interaction type of feedback X social form of learning, F(1,114) = 2.00,
p = .16, np = 0.017). Thus, the randomisation was successful with
respect to prior conceptual knowledge. A correlation matrix of all var-
iables is included in Appendix 1.

3.2. Effects on diagnostic reasoning in the learning process

To analyse effects of automatic adaptive feedback, the social form of
learning as well as their interaction on diagnostic reasoning outcomes in
the leaming process, we conducted a MANCOVA. In this analysis we
included log transformed time-on-task, (diagnostic accuracy, F(1,112)
=11.34, p=.001, np = 0.092, quality of justification, F(1,112) = 55.34,
p < .001, np = 0.331), and prior conceptual knowledge as covariates
(diagnostic accuracy, F(1,112) = 0.22, p = .643, n, = 0.002, quality of
justification, F(1,112) = 1.51, p=.222, i, = 0.013). The model explains
32% of variance in diagnostic accuracy and 47% of variance in the
quality of justifications in the learning process.

Table 1
Means (M) and standard deviations (SD) for prior conceptual knowledge split by
conditions of the 2X2 design.

Social form of learning Type of feedback M SD
individual static 70 12
adaptive 68 13
collaborative static 69 .09
adaptive 72 .08
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Regarding the diagnostic accuracy in the learning process, we found a
significant medium-sized interaction effect of the type of feedback and
the social form of learning, F(1,112) = 13.28, p < .001, n, = 0.106,
supporting Hypothesis 2a. Based on the estimated marginal means in
Table 2 and Bonferroni-corrected post hoc comparisons, we conclude
that collaborative learners, who have received static feedback scored
significantly lower on diagnostic accuracy compared to all other groups.
No other post hoc comparisons were significant (see Appendix 2). As the
interaction is disordinal the main effects for type of feedback F(1,112)
= 16.06, p < .001, np = 0.125, and social form of learning, F(1,112) =
12.41, p = .001, np = 0.100, cannot be meaningfully interpreted. Thus,
Hypothesis 1a, in which a main effect of automatic adaptive feedback
was hypothesised, was not supported.

Regarding the quality of justification in the learning process, we found
a large main effect of automatic adaptive feedback, F(1,112) =34.07, p
< .001, np = 0.233. The main effect of the social form of learning on the
quality of justification in the learning process was not significant, F
(1,112) = 0.94, p = .336, ), = 0.125, neither was the interaction effect
of social form of learning and type of feedback, F(1,112) = 0.69, p =
407, 1, = 0.006. These results are in support of Hypothesis 1b as we
found a positive effect of adaptive feedback on the quality of justifica-
tions. Hypothesis 2b was not supported in our analysis as we found no
interaction effect of social form of learning and type of feedback on the
quality of justification in the learning process.

3.3. Effects on diagnostic reasoning skills in the post-test

To investigate effects of automatic adaptive feedback, the social form
of learning as well as its interaction on diagnostic reasoning skills in the
post-test we used a MANCOVA, controlling for log transformed time-on-
task, (diagnostic accuracy, F(1,112) = 13.57, p < .001, n, = 0.108,
quality of justification, F(1,112) = 16.42, p < .001, 1, = 0.128), and
prior conceptual knowledge, (diagnostic accuracy, F(1,112) =1.95 p=
.166, np = 0.017, quality of justification, F(1,112) =0.12, p=.732, np =
0.001). The model explains 31% of variance in post-test diagnostic ac-
curacy and 28% of variance in the post-test quality of justifications.

We found a significant medium-sized interaction effect of the type of
feedback and the social form of learning on post-test diagnostic accuracy,
F(1,112) = 7.96, p = .006, np = 0.066, supporting Hypothesis 4a. As for
the learning process, also in the post-test, learners that collaborated in
the learning phase and received static feedback reached significantly
lower levels of diagnostic accuracy in the post-test than learners in all
other conditions (see Table 2). Again, no other post hoc comparisons

Table 2
Estimated marginal means (M) and standard errors (SE) for all dependent var-
iables split by conditions of the 2X2 design.

Dependent Variable Social form of Type of M SE
learning feedback
Diagnostic accuracy in the individual static 54 .05
learning process adaptive 55 .05
collaborative static 20 .05
adaptive 56 .05
Quality of justifications in the individual static 40 .02
learning process adaptive 51 02
collaborative static 36 .02
adaptive .50 02
Post-test diagnostic accuracy individual static 74 .06
adaptive 80
collaborative static 32 .
adaptive 71 .06
Post-test quality of individual static 33 02
justifications adaptive 43 .02
collaborative static 3 .02
adaptive 45 .02

Note: Estimated means and standard errors with covariates on the following
values: log transformed time-on-task = 10.16, prior conceptual knowledge =
70,
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were significant (see Appendix 2). Because of the disordinal interaction,
the main effects for type of feedback, F(1,112) = 14.60, p < .001, n, =
0.115, and social form of learning, F(1,112) = 17.66, p < .001, np =
0.136, on post-test diagnostic accuracy cannot be meaningfully inter-
preted. Hypothesis 3a, in which a main effect of automatic adaptive
feedback was hypothesised, was not supported.

Results regarding the post-test quality of justifications show a large
significant main effect of automatic adaptive feedback, F(1,112) =
21.02, p < .001, np = 0.158. The social form of leaming, F(1,112) =
1.28, p=.260, n, = 0.011, and the interaction between type of feedback
and social form of leaming, F(1,112) = 0.01, p = .923, 1, < 0.001, were
not significant. These results support Hypothesis 3b based on the main
effect of automatic adaptive feedback. As we did not find an interaction
for the post-test quality of justifications, Hypothesis 4b was not
supported.

4, Discussion

In an experimental study, we investigated the effects of NLP-based
adaptive feedback on diagnostic reasoning in individual and collabo-
rative simulation-based learning. Methods of NLP using sophisticated
algorithms of artificial neural networks allow for automatic analysis of
written texts of learners, which facilitates providing process-oriented
automatic feedback in real-time and without the need to involve a
human corrector. However, to implement such NLP-based systems,
training datais initially required: In this study, data from a prior study of
118 learners was used (see Bauer et al., 2020). These data were fully
coded regarding the aspects we provided feedback for. Thus, developing
and implementing NLP-based automatic adaptive feedback is a
time-consuming and extensive task, which may, however, pay off when
it comes to preparing many pre-service teachers for their upcoming
challenge of diagnosing learning difficulties in pupils in their daily
business as teachers.

4.1. Automatic adaptive feedback fosters learners’ quality of justifications

Results showed that adaptive feedback fostered the pre-service
teachers’ quality of justifications in written assignments for both indi-
vidual and collaborative learners. Adaptive feedback might have facil-
itated learners’ comparison of their current performance to a desired
goal performance in their diagnostic reasoning (e.g., Bimba et al., 2017;
Narciss et al, 2014; Plass & Pawar, 2020). Compared with the static
feedback, the demand on learners’ cognitive resources for processing the
feedback might have been reduced by adaptive feedback, which may
have helped to improve the quality of justification (see Sweller et al,,
2019). Even in simulations, which are designed to be less cognitively
taxing than real-life situations, diagnostic reasoning is a complex task
requiring a high amount of cognitive resources for information pro-
cessing. Especially pre-service teachers, who lack prior knowledge and
professional experience with respect to learning difficulties (Poznanski
et al, 2021), are in danger of cognitive overload. However, for diag-
nostic reasoning and particulady for elaborated justifications,
pre-service teachers need optimal conditions to be able to invest enough
cognitive resources into actual learning processes (Sweller et al,, 2019).

4.2. Effects of automatic adaptive feedback might Depend on the type of
task

The results concerning diagnostic accuracy indicate that adaptive
feedback did not outperform static feedback per se; instead, we found an
interaction between feedback and the social form of learning on diag-
nostic accuracy. Collaborative learners receiving static feedback had a
significantly lower diagnostic accuracy than leamers from the other
three experimental conditions. Collaborative learners receiving adaptive
feedback and individual learners in both feedback conditions did not
differ significantly in their diagnostic accuracy. Individual learners may
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not require the same amount of adaptive support to relate their own
diagnoses with a correct diagnosis as needed when considering various
pieces of evidence to provide high-quality justification. Thus, the in-
formation provided in the static feedback may have already been suf-
ficient to foster individual learners’ diagnostic accuracy. A reason for
this might be found in the complexity of the tasks underlying diagnostic
accuracy and the quality of justifications: accuracy requires a diagnostic
decision that might be fairly simple to derive in some cases — especially
when a limited number of potential diagnoses (here: learning diffi-
culties) is previously introduced to the leamers, like in our study. The
justification might be more cognitively demanding because of the broad
range of evidence, for which learners have to evaluate relationships and
interdependencies as relevant or irrelevant in a specific case. In the
study, adaptive feedback was more effective for tasks which involved a
variety of aspects that have to be considered at a time (such as multiple
evidence for a high-quality justification), compared to tasks that require
a single decision (such as concluding an accurate diagnosis) — especially
when this decision is not too difficult.

4.3. Automatic adaptive feedback is helpful for collaborators’ diagnostic
decision making

For collaborative learning, the results indicated that compared with
static feedback, adaptive feedback particularly facilitated collaborative
learners’ diagnostic accuracy. In the static condition, learners’ cognitive
capacities have already been more challenged than in the adaptive
condition because learners had to compare their own performance with
the expert solution. Additionally, transaction costs like communicating,
social regulation, and coordinating might have induced additional
collaboration load (see Janssen & Kirschner, 2020; Kirschner et al,
2009). This might especially affect dyads that collaborate for the first
time and probably will not do so with the same collaboration partner in
the future, such as the pre-service teachers in our laboratory study. In
such situations, the chances for making use of the potentials of a col-
lective working memory, which involves also knowledge about the other
collaborators, are rather low (Janssen & Kirschner, 2020), Combined
with evidence that collaborative learners tend to be less pragmatic in
proposing solutions in reasoning tasks compared to individual learners
(Csanadi et al, 2021), collaborative learners who received static feed-
back might have struggled most in proposing a solution in form of a
diagnostic decision in their written explanations. Instead, they may have
focused more strongly on evaluating evidence without finalising a
diagnostic conclusion in explaining their diagnostic reasoning. For
evaluating pieces of evidence to construct a high-quality justification,
the benefits of collaboration, like the adoption of multiple perspectives
(Okada & Simon, 1997), might balance the cognitive capacity disad-
vantages that occur particularly in the diagnostic accuracy outcomes.
Further, compared to the static expert solution, the automatic adaptive
feedback may have had a stronger compensating effect, possibly by
explicitly scaffolding the learners to determine and explicate a shared
diagnosis.

4.4. Limitations and future research

The results may be limited in their generalisability with respect to
the diagnostic tasks involved. As there were relatively few possible di-
agnoses and the associated cues of these diagnoses were fairly similar,
the decision task itself might not have been taxing the cognitive re-
sources of the participating pre-service teachers to the extent that more
complex decisions would. Further, effects on the two different outcomes,
particularly diagnostic accuracy, might also be influenced by the choice
of our sample: we included pre-service teachers in our study, who are
typically not the ones making formal diagnoses about learning diffi-
culties (i.e. diagnostic accuracy). Instead, they often provide evidence
for or against certain differential diagnoses (i.e. quality of justification)
to school psychologists or special education teachers. Thus, the pre-
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service teachers in our study might rather have focussed on the evalu-
ation of different evidences than on a final diagnosis. Another possible
limitation to generalisability may be that we used dyads to represent
collaborative contexts (Jensen & Wiley, 2006); it will be interesting to
investigate the effects of adaptive feedback for bigger groups. With
respect to internal validity, there may have been issues because the in-
struction did not specifically emphasise the necessity to state the diag-
nosis, but asked the learners to justify their diagnosis, therefore only
asking for the diagnosis implicitly. However, independently of inaccu-
racy or absence of the diagnosis, adaptive feedback - compared with
static feedback — helped improve collaborative learners’ performance in
writing a congruent explanation of their diagnostic reasoning that in-
cludes a conclusion regarding the diagnosis. A further limitation relates
to the relatively low reliabilities of the measurement of diagnostic ac-
curacy. Potential reasons for that are the different areas of learning
difficulties that we included in the study as well as the rather low
number of categories.

Future studies might measure outcomes like diagnostic accuracy
with a larger amount of codes or items. To do so, a larger number of
cases in simulations that require less time for the learners to solve might
help to get a more reliable measurement of the diagnostic accuracy
outcomes. Future research might further investigate the interaction of
the type of feedback and the social form of learning to explore different
hypotheses that underlie the interaction effect found in this study. In this
regard, the interaction of the type of feedback with other aspects of
simulation-based learning may be further investigated, such as the
complexity of the cases and tasks that need to be performed while
processing the cases, which may also affect the need for specific types of
feedback.

To address issues with external validity of the results, field studies
with larger samples may be conducted to further specify relevant
contextual conditions in which automatic adaptive feedback in
simulation-based learning are most effective. Such studies could make
use of existing groups, e.g., within university courses, and further
investigate our findings of automatic adaptive feedback in collaborative
settings as well as the acceptance of automatic adaptive feedback in
practice. Acceptance of automatic adaptive feedback might critically
depend on the trust of users in the feedback system as well as the
transparency of the NLP and feedback system (see Shin, 2021). To
ensure end-users’ understanding of how our NLP and feedback system
works, we implemented a transparent system that highlights detected
components (see I'ig. 2), making us optimistic about the field use of our
simulation with respect to learners’ acceptance and trust. In addition, in
field studies, learners could be asked to utilise the feedback provided in
order to revise their explanations and thus, to take an increasingly active
role in their leamning (see Zhu et al, 2020).

5. Conclusions

Automatic adaptive feedback in simulation-based learning can be
used effectively to foster pre-service teachers’ diagnostic reasoning in
HE. Using methods of NLP like the algorithms related to artificial neural
networks to automate adaptive feedback seems to provide particular
benefits in terms of fostering learning more complex reasoning out-
comes, such as justifying a diagnosis — even in short term interventions
of the length of one single course session. Adaptive feedback is a
promising instructional support to help pre-service teachers improve the
quality of justifications in written assignments, independent of whether
they learn together or alone. In collaborative learning contexts, adaptive
feedback rather than static seems to effectively compensate for collab-
oration costs that lead to performance drops with respect to diagnostic
accuracy. However, training and specialisation of artificial neural
network-based NLP models is a time-consuming task, as it requires
collection of data sets and elaborate manual coding before actual
implementation of the automatic adaptive feedback. These efforts might
be worthwhile where automatic adaptive feedback is subsequently
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implemented in simulations in large programmes, such as teacher edu-
cation or medical education. In such contexts, automatic adaptive
feedback can offer a convenient solution for providing elaborate,
process-oriented feedback in real-time to high numbers of students.
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This thesis aimed to (a) develop a cross-disciplinary research perspective on
diagnostic reasoning, (b) integrate and refine the existing understanding of diagnostic
reasoning skills, and (c) investigate approaches to facilitate the learning of diagnostic
reasoning skills. The ideas underlying the aim of developing a cross-disciplinary research
perspective on diagnostic reasoning in medical education and teacher education were
discussed in the general introduction (see section 1). Based on these ideas, the first study (see
section 2) made an empirical contribution to cross-disciplinary research on diagnostic
reasoning by comparing diagnostic activities and diagnostic practices in medical education
and teacher education. The second study (see section 3) focused on the second aim of refining
the existing understanding of diagnostic reasoning skills and investigated the proposed
distinction of diagnostic argumentation and diagnostic judgment as two different diagnostic
reasoning skills in the context of teacher education. The third study (see section 4) focused on
the third aim of investigating approaches to facilitating the learning of diagnostic reasoning
skills and analyzed the effects of automatic adaptive feedback and collaborative learning on
preservice teachers’ simulation-based learning of diagnostic reasoning skills.

The results of all three studies are briefly summarized below (see section 5.1).
Thereafter, the theoretical implications of the findings are discussed (see section 5.2).
Subsequently, the practical implications are derived (see section 5.3), the relevant limitations
of the findings are discussed (see section 5.4), and suggestions for future research are offered
(see section 5.5).

5.1 Summary of the Results
5.1.1 Results of Study 1

The first study (Bauer et al., 2020; see section 2) compared the diagnostic activities
(Heitzmann et al., 2019; see section 1.3.2) and diagnostic practices (Bauer et al., 2020; see
section 1.3.3) in medical education and teacher education. Data from 142 learners from
medical education and 122 learners from teacher education were analyzed. The learners
diagnosed eight cases from their respective field in a simulation-based learning environment
and wrote a report of their approach to diagnostic reasoning for each case.

According to an analysis of the reported diagnostic activities (RQ1 of study 1, see
section 1.6.1), both medical students and preservice teachers focused mainly on the diagnostic
activity of evaluating evidence. The medical students focused more on the activities of
generating hypotheses and drawing conclusions, whereas the preservice teachers placed more

emphasis on the activity of generating evidence. The results supported the prior assumption
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that there are significant differences regarding the relative emphasis on each diagnostic
activity between medical education and teacher education.

The differences in the use of diagnostic activities were also salient in the overall
diagnostic practices (RQ2 of study 1, see section 1.6.1), which was depicted using the novel
method of ENA (Shaffer, 2017). Overall, the networks depicting the diagnostic practices of
the participating medical students and preservice teachers revealed a similar structure. Yet,
the relative frequencies of the diagnostic activities’ co-occurrences and thus the overall
diagnostic practices were found to be significantly different between medical education and
teacher education. The medical students demonstrated a more hypothesis-driven or
explanation-driven approach (see Coderre et al., 2010; Kiesewetter et al., 2013; Seidel &
Stlrmer, 2014), whereas the preservice teachers demonstrated a more data-driven or
description-driven approach (see Grasel & Mandl, 1993; Kiesewetter et al., 2013; Norman et
al., 2007; Seidel & Stiirmer, 2014). Moreover, by comparison, the variability in the diagnostic
practices in teacher education turned out to be higher than in medical education, which may
indicate a lower standardization in diagnostic practices or lower knowledge of diagnostic
standards in teacher education. The significant differences in the fields’ diagnostic practices
suggest that there are differences in their epistemic ideals and standards (see Chinn et al.,
2011) regarding diagnostic reasoning. For example, medical education’s higher emphasis on
generating hypotheses might reflect its standards related to differential diagnosing (e.g.,
Kassirer, 2010; see section 5.2.2).

5.1.2 Results of Study 2

The second study (Bauer et al., 2022; see section 3) explored preservice teachers’
diagnostic argumentation regarding the three suggested facets of justification,
disconfirmation, and transparency (see section 1.4.4) and the proposed distinction of
diagnostic argumentation and diagnostic judgment (e.g., Loibl et al., 2020) as two diagnostic
reasoning skills (see section 1.4.3). For this purpose, the text data collected for the first study
in teacher education was reanalyzed and complemented by data about the accuracy of
preservice teachers’ diagnostic judgments as well as of their prior conceptual and strategic
diagnostic knowledge.

Analyzing the occurrences and relations of justification, disconfirmation, and
transparency in preservice teachers’ diagnostic argumentations (RQ1 of study 2, see section
1.6.2) revealed that justification may be an antecedent in preservice teachers’ diagnostic
argumentation, whereas disconfirmation or transparency might indicate a more advanced form

of diagnostic argumentation. Disconfirmation, in particular, seemed to be unidirectional,
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dependent on justification in diagnostic argumentation. Only a few diagnostic argumentations
involved disconfirmation without justification (i.e., the listing of differential diagnoses
without evaluating evidence or finalizing conclusions), whereas argumentations addressing
different diagnoses usually made evidence-based conclusions. In contrast, preservice teachers
offered one confirmatory and final diagnosis, without considering and disconfirming
competing explanations. This unidirectional dependency explains the significant correlation
between justification and disconfirmation, which was found in the correlational analysis. In
contrast, transparency was not correlated with the other two facets. Overall, the findings
suggested that justification, disconfirmation, and transparency are distinguishable facets of
diagnostic argumentation and may even represent distinct reasoning subskills.

The three facets also differed in the patterns by which conceptual and strategic
diagnostic knowledge predicted them (RQ2 of study 2, see section 1.6.2): Justification was
predicted by both conceptual diagnostic knowledge about diagnoses and evidence as well as
strategic diagnostic knowledge about diagnostic approaches. The disconfirmation of the
differential diagnoses was only predicted by conceptual diagnostic knowledge about
diagnoses. In contrast, transparency concerning the undertaken approaches to generate
evidence was only predicted by strategic diagnostic knowledge about diagnostic approaches.
The findings further supported that the three facets may represent distinct reasoning subskills.
However, the amounts of variance in the three facets, which were explained by conceptual
and strategic diagnostic knowledge, were generally rather low. Therefore, further research
may address the role of other variables in explaining justification, disconfirmation, and
transparency, such as knowledge about standards in diagnostic reasoning and argumentation
(see section 5.2.3).

Investigating the relationship between making accurate diagnostic judgments and
formulating justified, disconfirmatory, and transparent diagnostic argumentations (RQ3 of
study 2, see section 1.6.2) supported the assumption that diagnostic judgment and diagnostic
argumentation might be considered two different diagnostic reasoning skills. An ENA
network comparison revealed the overall significant differences between argumentation texts
addressing accurate judgments and argumentation texts addressing inaccurate judgments. Yet,
a correlational analysis of justification, disconfirmation, transparency, and diagnostic
accuracy indicated a significant correlation of justification in diagnostic argumentation and
the accuracy of diagnostic judgments, which was not explained by a joint basis of conceptual
and strategic diagnostic knowledge. Variables other than conceptual and strategic diagnostic

knowledge may be relevant in explaining the relation between justification in diagnostic
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argumentation and accurate diagnostic judgments, such as the proportion of controlled and
intuitive information processing during diagnostic reasoning (see section 5.2.3).
5.1.3 Results of Study 3

The third study (Sailer et al., 2023; see section 4) investigated the effects of NLP-
based automatic adaptive feedback (e.g., Bimba et al., 2017) and collaborative learning (e.qg.,
Csanadi et al., 2021) in simulation-based learning environments (e.g., Chernikova,
Heitzmann, Stadler et al., 2020) on the accuracy of preservice teachers’ diagnostic judgments
and their quality of justification in their diagnostic argumentations. The results indicated
positive effects of adaptive feedback on the quality of justifications of both individual and
collaborative learners (RQ1b & RQ2b of study 3, see section 1.6.3), suggesting that learners’
comparison of their current performance to a desired goal performance might have been
facilitated by adaptive feedback (e.g., Bimba et al., 2017; Narciss et al., 2014; Plass & Pawar,
2020).

However, concerning the achievement of accurate diagnostic judgments, adaptive
feedback did not exhibit a higher benefit for learners per se (RQ1a of study 3, see section
1.6.3). Instead, the results indicated an interaction between adaptive feedback and
collaborative learning (RQ2a of study 3, see section 1.6.3). The collaborative learners who
received static feedback achieved significantly lower diagnostic accuracy compared to the
collaborative learners who received adaptive feedback; in contrast, individual learners’
diagnostic accuracy did not differ when they received static or adaptive feedback. The
findings indicate that collaborative learners seemed to have a higher need for the additional
support provided by the adaptive feedback for making accurate diagnostic judgments but not
for formulating high-quality justifications. The interaction effect between the type of feedback
and the social form of learning on making accurate diagnostic judgments requires further
explanation (see section 5.2.4).

Summarizing the overall findings of the third study, the results confirmed the expected
positive effect of the NLP-based automatic adaptive feedback compared to static feedback on
preservice teachers’ accuracy of diagnostic judgments and the quality of justification in their
diagnostic argumentations.

5.2 Theoretical Implications
5.2.1 Advancing Cross-Disciplinary Research on Diagnostic Reasoning

One of the central aims of this thesis was to develop a cross-disciplinary research

perspective on diagnostic reasoning, with a focus on medical education and teacher education.

To integrate the theoretical and empirical accomplishments from both fields and advance the
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existing understanding of the involved knowledge and skills as well as their learning, this
thesis built on the work of Heitzmann et al. (2019) and discussed the commonalities and
differences in diagnostic reasoning in medical education and teacher education. In doing so,
the thesis further systematized the related arguments and elaborated on them with respect to
diagnostic problems (see section 1.2), epistemic processing (see section 1.3), and cognitive
processes (see section 1.4). The following section consolidates the conclusions made
concerning the commonalities and differences in diagnostic reasoning in medical education
and teacher education; the theoretical implications derived and integrated from the presented
studies are discussed in subsequent sections (see sections 5.2.2, 5.2.3, and 5.2.4).

Diagnostic problems in medical education and teacher education can be analyzed with
respect to different characteristics, such as content area, exemplarity, complexity, and
required activities to solve diagnostic problems (see section 1.2). These characteristics can
vary across diagnostic problems, not only across different fields but also within the same
field. Cross-disciplinary research in diagnostic reasoning should consider variations in the
characteristics of diagnostic problems because, as will be further explained in the following
sections, such variations might systematically influence diagnostic reasoning.

The differences in the content areas of diagnostic problems imply that professionals
need knowledge about problem-specific concepts and strategies to solve diagnostic problems
(i.e., conceptual and strategic diagnostic knowledge; see Fortsch et al., 2018; Kolovou et al.,
2021; Wimmers et al., 2007; see section 1.4.1). Because of the different content areas,
diagnostic problems as well as problem-specific diagnostic knowledge in medical education
and teacher education need to be considered content-specific, which generally limits their
comparability.

There are, however, other characteristics of diagnostic problems with regard to which
research can either investigate the effects of problem characteristics on diagnostic reasoning
or consider them when investigating diagnostic reasoning with respect to epistemic processing
and cognitive processes. A still content-related characteristic of diagnostic problems, which is
yet better suited for systematically describing the differences of diagnostic problems, is the
exemplarity of a diagnostic problem to a professional context. Exemplarity refers to how
likely professionals will encounter the respective diagnostic problem in their professional
environments (see Kolodner, 1992). Consequently, high exemplarity increases the likelihood
that professionals have already collected experience regarding the respective problem. The
problem characteristic of exemplarity is thus linked to certain cognitive processes in

diagnostic reasoning, especially expertise development (i.e., knowledge encapsulation and
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script formation; see Schmidt & Rikers, 2007): With repeated encounters of a diagnostic
problem, diagnostic knowledge is increasingly encapsulated into higher-level concepts and
integrated into episodic representations of diagnostic problems (i.e., script formation; e.g.,
Charlin et al., 2007). Expertise development, in turn, affects information processing. The
option of recognizing familiar patterns facilitates fast and subconscious non-analytic
information processing, which saves cognitive resources, as opposed to conscious, and thus
effortful, analytic information processing (see Evans, 2008; Norman et al., 2017). Besides
expertise development, the structural problem characteristic of complexity — that is, the
amount and connectivity of information that needs to be processed — also affects the cognitive
effort required to analyze a problem (see Campbell, 1988; Robinson, 2001; Stadler et al.,
2019; Sweller, 2010). The cognitive processes involved in diagnostic reasoning may be
considered non-specific to a field (Heitzmann et al., 2019; see Kirschner et al., 2017).
Therefore, the respective research findings may be considered transferable across different
fields, while considering the characteristics of the investigated individuals (e.g., level of
expertise) and diagnostic problems (e.g., exemplarity or complexity) as well as the situational
characteristics (e.g., collaborative diagnostic reasoning, which requires explicating reasons
toward a collaborating professional).

Besides complexity, another structural characteristic of diagnostic problems is the
required activities to solve the problem. For example, a diagnostic problem might be already
given (e.g., stated by the patient or a colleague) or it might be necessary to initially identify
the problem (e.g., during classroom observations). The required activities are especially
relevant to be considered while researching the problem-solving process in diagnostic
reasoning, either regarding the application of diagnostic reasoning skills (i.e., the judgment
process or in-process argumentation) or epistemic processing in diagnostic reasoning. In
solving diagnostic problems, individuals engage in diagnostic activities (such as generating
hypotheses, generating evidence, evaluating evidence, and drawing conclusions; see section
1.3.2; Fischer et al., 2014; Heitzmann et al., 2019). Comparing the diagnostic activities in
medical education and teacher education, the specific content of concrete hypotheses,
evidence, and conclusions varies; for instance, a physician’s hypothesis about the causes for a
patient’s back pain varies from a teacher’s hypothesis about the causes for a pupil’s writing
difficulties. However, because the intended epistemic aim of achieving diagnostic accuracy is
the same, it was assumed that the purpose of each of the diagnostic activities is conceptually
transferable across different fields (see Hetmanek et al., 2018): Irrespective of the specific

content of a hypothesis, the activity of generating hypotheses holds the purpose of identifying
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potential explanations, which may require further investigation (see Appendix B for further
information about the coding scheme for diagnostic activities). Because diagnostic activities —
that is, epistemic activities — are established by and within epistemic communities, individuals
within that community feature a shared understanding of when and how epistemic activities
need to be performed (see Kelly, 2008; Leont’ev, 1978; Roth & Lee, 2006). This shared
understanding shapes a collective pattern of epistemic activities, which is a community’s
epistemic practices (see Kelly, 2008; Roth & Lee, 2006). The epistemic practices of different
epistemic communities can involve specifics that relate to their epistemic ideals and standards
(criteria to assess the achievement of aims; e.g., whether a diagnosis is grounded on valid and
convincing evidence) and processes that are considered reliable (e.g. how to generate valid
and convincing evidence; see Duncan & Chinn, 2016). Comparing medical education and
teacher education with respect to their diagnostic activities and diagnostic practices can
indicate differences that might provide insights into field-specific ideals, standards, and
processes. Systematically investigating the field-related specifics in diagnostic reasoning also
contributes to advancing the cross-disciplinary research on diagnostic reasoning in medical
education and teacher education.
5.2.2 Standards in Diagnostic Reasoning

To advance the outlined cross-disciplinary research perspective on diagnostic
reasoning, the first study in this thesis compared diagnostic activities and diagnostic practices
in medical education and teacher education. Medical education and teacher education were
found to significantly differ in their relative emphasis on each diagnostic activity and their
overall diagnostic practices, suggesting that there are also differences with respect to the
fields’ epistemic ideals and standards in diagnostic reasoning (see Chinn et al., 2011).

Medical students’ stronger focus on generating and testing hypotheses (see Fischer et
al., 2014) contributes to an overall rather hypothesis-driven or explanation-driven diagnostic
practice (see Coderre et al., 2010; Kiesewetter et al., 2013; Seidel & Sturmer, 2014). The
results pattern can be regarded as reflecting the agreed-upon standards in medical education
related to differential diagnosing, which is considered ideal for ensuring a reliable process in
medical education (see Chinn et al., 2011; Kassirer, 2010). The ideal is systematically put into
practice by incorporating it on a systemic level, involving guidelines and university curricula
(e.g., Weinstein & Pinto-Powell, 2016). Teaching differential diagnosing to future physicians
in their medical programs introduces the standard to the level of individual learners, who
internalize the standard with repeated practice and start to act accordingly in professional

situations that require diagnostic reasoning (see Clark et al., 2008; Louie et al., 2007; Roth &
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Lee, 2006). By adopting the approach of differential diagnosing, medical students in turn
contribute to the overall collective pattern of diagnostic activities, which can be characterized
as hypothesis-driven diagnostic practice.

In teacher education, there seems to be no such widespread and specific standard for
approaching diagnostic reasoning. However, there might be considerable variations between
different national educational systems (Bauer & Prenzel, 2012). Research in teacher education
was described as being “still a relatively young field” (Grossman & McDonald, 2008, p. 184).
Therefore, the development of standards for diagnostic reasoning might be less progressed
compared to medical education. The finding that, compared to medical students, preservice
teachers seemed to exhibit greater variability in their individual realizations of an overall
diagnostic practice supports the assumption of lower standardization in diagnostic reasoning
in teacher education (see Scales et al., 2018). However, despite this greater variability,
preservice teachers still had a tendency toward a data-driven or description-driven approach in
their diagnostic reasoning. Their preference for a data-driven approach might be grounded in
ideals, which has so far remained rather implicit in teacher education. After teacher education
studies repeatedly reported about the biases in teachers’ diagnostic reasoning (e.g., Suidkamp
et al., 2012; Urhahne & Wijnia, 2021), some teacher education programs reacted by orienting
their teaching toward the concept of professional vision (Goodwin, 1994), which emphasizes
the need to focus on describing observations before explaining them (see Seidel & Stlirmer,
2014). This development might represent a critical progress in evolving and systematically
teaching standards for diagnostic reasoning and, thus, further standardizing diagnostic
practices in teacher education. Furthermore, there might be other rather implicit ideals
complementing the development of standards for diagnostic reasoning in teaching and teacher
education, such as to avoid being judgmental toward students (see Aalberts et al., 2012).
Overall, the findings might therefore be considered to reflect the specific differences in
epistemic ideals concerning diagnostic reasoning in medical education and teacher education,
which are implemented in higher education and thus found in the fields’ diagnostic practices
(e.q., Kassirer, 2010; Weinstein & Pinto-Powell, 2016).

In summary, the first study generated evidence for the idea that comparing different
fields with respect to diagnostic activities and diagnostic practices can provide insights into
field-specific epistemic ideals, standards, and processes in diagnostic reasoning (see Chinn et
al., 2011). In doing so, the study also contributed to advancing a cross-disciplinary research
perspective on diagnostic reasoning in medical education and teacher education. The two

fields can be considered reflecting epistemic communities: They seem to have developed



88

different approaches in performing diagnostic activities to collect and integrate information to
reduce uncertainty and to make and communicate informed and justifiable decisions in
professional situations that require diagnostic reasoning (see Heitzmann et al., 2019; Kelly,
2008). Individuals who become part of an epistemic community by attending a medical
education program or a teacher education program internalize the ideals, standards, and
processes of the respective field. In the course of the internalization process, they assimilate
their understanding of suitable approaches in solving diagnostic problems (see Clark et al.,
2008; Osberg, 2005). The individuals who internalize the ideals, standards, and processes of
their field start to adapt their intuitive approaches and perform diagnostic activities in solving
diagnostic problems accordingly (see Roth & Lee, 2006). Internalizing the field-specific
epistemic ideals, standards, and processes may thus be considered part of the professional
development and learning relevant to the situational performance of diagnostic reasoning
skills (see Figure 2).

Figure 2

Framework for Cross-Disciplinary Research on Diagnostic Reasoning in Medical Education
and Teacher Education
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5.2.3 Diagnostic Argumentation as a Distinct Diagnostic Reasoning Skill

To refine the existing understanding of diagnostic reasoning skills, the second study
investigated the proposed differentiation of diagnostic reasoning skills in terms of diagnostic
judgment and diagnostic argumentation in the context of teacher education. The overall
results pattern seems to support the assumption that diagnostic judgment (indicated by
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diagnostic accuracy) and diagnostic argumentation (indicated by the three proposed facets of
justification, disconfirmation, and transparency) represent different diagnostic reasoning
skills. There was, however, a relation between accurate diagnostic judgment and justification
in diagnostic argumentation, which was not explained by a joint basis of conceptual and
strategic diagnostic knowledge (see Fortsch et al., 2018; Heitzmann et al., 2019). Another
variable that could potentially explain the relation between accurate diagnostic judgment and
justification in diagnostic argumentation might be the prevailing type of information
processing during diagnostic reasoning (see Loibl et al., 2020). The literature about dual
process theories (e.g., Kahneman, 2011; for an overview of several different theoretical
accounts see Evans, 2008) suggests that controlled information processing results in more
conscious and explicable reasoning compared to intuitive, unconscious information
processing (i.e., pattern recognition; e.g., Norman et al., 2007). Whereas both types of
information processing can result in making accurate judgments, diagnostic argumentation
requires engaging in conscious and explicable controlled information processing (see section
1.4.3). Thus, controlled information processing could precede accurate diagnostic judgments
(Coderre et al., 2010) and simultaneously facilitate justification in diagnostic argumentation.

Besides distinguishing between diagnostic judgment and diagnostic argumentation as
two diagnostic reasoning skills, the findings also suggested distinguishing between
justification, disconfirmation, and transparency as different subskills of diagnostic
argumentation. In particular, this interpretation is grounded on the differences in the patterns
by which the three facets were predicted by conceptual and strategic diagnostic knowledge
(see Fortsch et al., 2018). Justification involves evaluating evidence, making warranted
connections, and drawing conclusions about diagnoses, which seems to build on both
conceptual diagnostic knowledge about diagnoses and evidences as well as strategic
diagnostic knowledge about diagnostic proceedings to conclude and reject different diagnoses
(see Fischer et al., 2014; Toulmin, 1958). By comparison, disconfirmation primarily seems to
rely on conceptual diagnostic knowledge about differential diagnoses to address the
differential diagnoses and thus show that alternative explanations have been considered in
diagnostic reasoning (see Lawson, 2003; Toulmin, 1958). In contrast, transparency seems to
require strategic diagnostic knowledge of which informational sources can deliver critical
evidence when diagnosing a specific problem in order to describe the processes undertaken to
generate evidence (see Chinn et al., 2011; Fischer et al., 2014).

Yet, significant amounts of variance in justification, disconfirmation, and transparency

remained unexplained by conceptual and strategic diagnostic knowledge, raising the question
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of which additional types of knowledge and skills might be relevant in explaining
justification, disconfirmation, and transparency in diagnostic argumentation. One further
explanatory variable might be knowledge about standards in diagnostic reasoning and, in
particular, diagnostic argumentation (see Bauer et al., 2020; Chinn et al., 2011). Because of
the limited explicit agreement about ideals and standards in diagnostic reasoning in the
context of teacher education (as compared with some other fields, such as medical education;
see Bauer et al., 2020) and the resulting lack of systematic teaching in teacher education
programs, preservice teachers are not knowledgeable about any standards in diagnostic
argumentation. Therefore, discussing and developing standards for diagnostic argumentation
may advance teacher education and facilitate future teaching of diagnostic reasoning skills. To
this end, field-specific ideals may be further researched and considered relevant for diagnostic
reasoning. However, considering that field-specific standards in diagnostic argumentation
should comply with fundamental norms and standards that have developed in the broader
context of scientific argumentation (see Figure 2; see also section 1.4.4; e.g., Bricker & Bell,
2008), justification, disconfirmation, and transparency may serve as a starting point from
which to systematize and teach standards for diagnostic argumentation in teacher education.

Furthermore, considering the performance differences that were found in justification,
disconfirmation, and transparency, a second explanatory variable might be relevant to
consider, which is argumentation skills that are transferrable across domains (Hetmanek et al.,
2018). Hetmanek et al. (2018) suggested that cross-domain transferable skills could, to some
extent, compensate for a lack of more specific knowledge (e.g., knowledge about standards in
diagnostic argumentation). Comparing the prevalence of the three facets in diagnostic
argumentation indicates a higher prevalence of justification as compared with disconfirmation
and transparency. It is possible that justification is a subskill, that is easier to compensate for
by cross-domain transferable argumentation skills, than disconfirmation and transparency. In
summary, one may hypothesize that apart from having conceptual and strategic diagnostic
knowledge, cross-domain transferable argumentation skills and knowledge about standards in
diagnostic argumentation are additional variables that might be relevant for explaining
justification, disconfirmation, and transparency in preservice teachers’ diagnostic
argumentation.

Because of the non-field-specific nature of cognitive processing (see section 1.4.2) and
epistemic aims (see sections 1.3.1 and 1.4.3), the results pattern found in the context of
teacher education should be replicable in the context of medical education. This requires

further investigation. Replicating the results in medical education would further support the
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interpretation of diagnostic judgment and diagnostic argumentation as two distinct diagnostic
reasoning skills.
5.2.4 Facilitating Diagnostic Reasoning Skills

To investigate approaches to facilitate the learning of diagnostic reasoning skills, the
third study compared the effects of automatic adaptive feedback vs. static feedback (i.e.,
expert solutions) in collaborative vs. individual simulation-based learning on the accuracy of
diagnostic judgment and the quality of justification in diagnostic argumentation in the context
of teacher education. Overall, the results suggested that adaptive feedback is particularly
beneficial for fostering the quality of learners’ justification in diagnostic argumentation,
whereas collaborative learning seemed to pose an additional challenge for learners’
achievement of diagnostic accuracy.

Although simulations are simplified representations of professional situations
(Heitzmann et al., 2019; Sauvé et al., 2007), they still confront learners with high amounts of
information and are associated with high demands on learners’ cognitive resources (i.e., the
working memory). To cope with the complexity of the simulated problems and still invest
cognitive resources into the actual learning processes of learning diagnostic reasoning skills,
learners need sufficient support and feedback (i.e., germane cognitive load; Sweller et al.,
2019). By facilitating learners’ comparison of their current performance to a desired goal
performance (see Figure A3 in Appendix D), adaptive feedback might have freed cognitive
capacities (i.e., the working memory) for the actual task performance and learning processes
(see Moreno, 2004; Narciss, 2008; Sweller et al., 2019). Compared to adaptive feedback, the
unsupported presentation of a large amount of information in the static feedback (see Figure
A4 in Appendix D) condition might potentially have exceeded learners’ working memory
capacity and, thus, restrained their performance and learning (see Sweller et al., 2019).

More specifically, the additional support provided by adaptive feedback seemed to be
particularly relevant for performing and thus learning justification in diagnostic
argumentation. Diagnostic argumentation requires conscious, controlled information
processing (see section 1.4.3; e.g., Kahneman, 2011) of the available evidences and their
relations. Performing diagnostic argumentation can thus be considered limited by the
available working memory capacity (see Evans, 2008; Kahneman, 2003; Kalyuga, 2011).
Therefore, freeing working memory capacity by means of adaptive feedback might be
particularly beneficial for performing and learning diagnostic argumentation. In contrast,
regarding individual learners’ achievement of diagnostic accuracy, adaptive feedback did not

outperform static feedback. This finding may be explained by the assumption that diagnostic
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judgment can not only be performed by consciously analyzing the causal relations between
information but also by recognizing familiar patterns of information and making one single,
intuitive decision for the seemingly most suitable diagnosis (see section 1.4.2 and 1.4.3; e.g.,
Evans, 2008; Norman et al., 2007; Schmidt & Rikers, 2007). Facilitating the making of
intuitive judgments seems to depend less on elaborated feedback or processing information
about different evidence and their relations respectively; it might be the case that the learners
mainly referred to the information about the correct task solutions, thus requiring less support
in processing the information, which is why the static feedback might have already been
sufficient (see Hattie & Timperley, 2007; Narciss, 2008). Summarizing the effects of adaptive
feedback as compared to static feedback, adaptive feedback was shown to be more effective
for performing and learning skills, which involved processing a variety of information at a
time (such as multiple evidence for high-quality justification in diagnostic argumentation),
compared to tasks that required a single decision (such as making an accurate judgment).
However, in contrast to individual learners, adaptive feedback was revealed to be
beneficial for collaborative learners’ achievement of diagnostic accuracy. Collaborative
learners seemed to have a higher need for the additional support provided by the adaptive
feedback to foster their performance and learning of making diagnostic judgments. One
reason for this may be that collaborative learning is associated with higher demands on
learners’ cognitive resources compared to individual learning (Janssen & Kirschner, 2020).
Collaborative diagnostic reasoning involves explicating and exchanging reasons while
engaged in the process of solving a diagnostic problem, meaning that learners are involved in
in-process diagnostic argumentation (Berland & Reiser, 2009; see Rapanta & Felton, 2021).
In doing so, collaborative learners analyze evidence as well as their relations with each other
and with potential hypotheses before making a diagnostic judgment (Csanadi et al., 2021,
Okada, 1997; Roscoe & Chi, 2008). This process requires collaborative learners to engage in
controlled information processing while being engaged in the judgment process and is thus
associated with high demands on their working memory. Therefore, in contrast to individual
learners, collaborative learners might benefit less from the minimized cognitive effort
associated with making one single, intuitive decision for the seemingly most suitable
diagnosis (see Evans, 2008; Kahneman, 2003; Morewedge & Kahneman, 2010). In addition,
collaboration involves costs for interacting, communicating, and coordinating, which induce
collaboration load and further increase demands on collaborative learners’ cognitive resources
compared to individual learning (Janssen & Kirschner, 2020; Kirschner et al., 2009). This

might especially affect the dyads that collaborate for the first time and probably will not do so
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with the same collaboration partner in the future, such as the preservice teachers in the study.
In such situations, the chances for making use of the potentials of a collective working
memory, which also involves knowledge about the other collaborators, might be rather low
(Janssen & Kirschner, 2020; Radkowitsch et al., 2021). With the higher cognitive demands
induced by the collaborative learning situation, less working memory capacity is available for
actual task performance and learning processes (i.e., germane load; see Sweller, 2010).
Collaborative learners may thus have a higher need for the additional support provided by the
adaptive feedback to foster their performance and learning of making diagnostic judgments.

A second reason for collaborative learners’ higher need for additional support may be
that collaborative learners struggled more in making a final diagnostic judgment than
individual learners. Prior research found that collaborative learners are rather reflective in
their reasoning processes but less straightforward in proposing solutions (Csanadi et al., 2021;
Okada, 1997; Roscoe & Chi, 2008). If collaborative learners struggled in making a final
diagnostic judgment, adaptive feedback would have better served as an explicit prompt to
finalize and explicate a shared diagnostic judgment; in contrast, collaborative learners
receiving static feedback needed to identify this option for improvement by themselves.

Summarizing the effects of the collaborative learning setting as compared to the
individual learning setting on the performance and learning of diagnostic judgment, the costs
associated with collaboration seemed to have outweighed its benefits. However, regarding the
performance and learning of diagnostic argumentation (in terms of constructing a high-quality
justification), the benefits of collaboration, such as the adoption of multiple perspectives
(Csanadi et al., 2021; Okada, 1997), might have balanced the potential disadvantages
concerning learners’ cognitive load and task processing.

Furthermore, the results pattern found in the third study provides additional support
for the conclusions made based on the second study (see section 5.2.3): The different effects
of automatic adaptive feedback and collaborative learning in simulation-based learning
environments on preservice teachers’ diagnostic accuracy and quality of justification support
the idea of differentiating between diagnostic judgment and diagnostic argumentation as two
diagnostic reasoning skills. Moreover, the results underline that distinguishing between
diagnostic judgment and diagnostic argumentation may be considered practically relevant
with respect to teaching, learning, and measuring diagnostic reasoning skills.

5.3 Practical Implications
The theoretical considerations, empirical findings, and interpretations presented in this

thesis involve several practical implications for medical education and teacher education.
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These implications concern not only the teaching and learning of diagnostic reasoning skills
but also the reflection, further development, and teaching of field-specific ideals, standards,
and processes in diagnostic reasoning.

In terms of reflecting and further developing field-specific ideals, standards, and
processes in diagnostic reasoning, an important finding of the first study is that the
development of standards for diagnostic reasoning might be less progressed in teacher
education compared to medical education. Therefore, the stakeholders in teacher education,
such as educators, researchers, and in-service teachers as representatives of the professional
practice, might actively discuss and reflect on the standards in diagnostic reasoning and the
underlying epistemic ideals to exchange viewpoints and achieve a broad consensus. The
stakeholders in medical education might as well reflect further on their standards in diagnostic
reasoning and the underlying epistemic ideals to further increase the awareness of
practitioners and systematization in teaching. In particular, research can support these
advancements by further investigating the field-specific ideals, the already implemented
standards, and the field-specifics in diagnostic practices. In all these efforts, it may be
considered that the prior and further developments of field-specific ideals, standards, and
processes are to be reflected with respect to their compliance with scientific ideals, standards,
and processes. With respect to diagnostic argumentation, the further development of standards
may, for example, consider the proposed, scientifically oriented facets of justification,
disconfirmation, and transparency as a starting point for further reflecting and developing
standards for situations that demand diagnostic argumentation.

Achieving a wide-reaching agreement on the ideals, standards, and processes in
diagnostic reasoning in teacher education as well as medical education seems vital for further
systematizing the implementation processes of standards in the respective fields. On a systemic
level, the implementation of standards may involve developing guidelines and adapting
university curricula (e.g., Weinstein & Pinto-Powell, 2016), which need to be realized at the
level of higher education programs, especially by providing opportunities for practice (e.g.,
using simulation-based learning environments). With repeated practice, students can internalize
the field-specific epistemic ideals, standards, and processes and start to perform diagnostic
activities in solving diagnostic problems accordingly. Subsequently, by engaging in
professional action, individuals contribute to the overall collective patterns of diagnostic
activities in their fields, which accumulate to diagnostic practices that comply with previously

implemented standards. Systematically implementing agreed-upon ideals, standards, and
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processes in the teaching of diagnostic reasoning can thus facilitate the standardization of
diagnostic practices.

Moreover, learning and internalizing the field-specific ideals, standards, and processes
might be considered a part of students’ professional development, enabling future
professionals from medical education and teacher education to be acknowledged as members
of their fields by helping them act accordingly in professional situations that demand
diagnostic reasoning.

To solve diagnostic problems and act professionally in situations that require
diagnostic reasoning, future professionals need to learn diagnostic reasoning skills in the
course of their higher education. As suggested in this thesis, it seems not only important to
teach future professionals to make accurate judgments — future physicians and teachers must
also be able to explain their interpretations about diagnostic problems and resulting
conclusions comprehensibly and persuasively. Therefore, they need to learn how to formulate
diagnostic argumentations. Since the findings of the second and third studies suggest that
diagnostic judgment and diagnostic argumentation have to be considered different diagnostic
reasoning skills, they may be considered separately in designing curricula, setting learning
objectives, providing learning opportunities, and conducting assessments in medical education
and teacher education.

Regarding the learning of diagnostic argumentation, the results of the second study
further suggested that justification, disconfirmation, and transparency might reflect different
subskills that differ in their knowledge bases. Further research needs to replicate the findings
and investigate which additional knowledge and skills are a relevant base for justification,
disconfirmation, and transparency in diagnostic argumentation. The role of knowledge about
standards and their internalization, in particular, requires further investigation. Moreover,
when aiming to teach diagnostic argumentation — which involves the three proposed facets of
justification, disconfirmation, and transparency — to preservice teachers and medical students,
each of the three facets might require specific introduction, learning, and assessment.

In terms of learning diagnostic reasoning skills, future professionals are considered to
require opportunities to reason about authentic diagnostic problems (Chernikova, Heitzmann,
Fink et al., 2020), which can be done by using simulation-based learning environments. In
accordance with prior research findings (Cook et al., 2010; Cook et al., 2013; Wisniewski et
al., 2020), the results of the third study suggest that, compared to static feedback, adaptive
feedback facilitates learners’ performance and learning of diagnostic reasoning skills when

solving simulated diagnostic problems. Therefore, adaptive feedback is recommended for
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supporting the simulation-based learning of diagnostic reasoning skills. In addition, as the
results suggest, implementing simulation-based learning in combination with collaboration is
rather challenging for learners when it comes to making accurate diagnostic judgments. In
light of this, further research on collaborative simulation-based learning of diagnostic
reasoning skills may clarify the conditions under which the potential of collaborative learning
(especially with respect to in-process dialogic argumentation) can be utilized effectively for
facilitating the simulation-based learning of diagnostic reasoning skills.

Since offering adaptive feedback on written text can be resource-intensive for
educators, the third study investigated the use of NLP methods. The employed algorithms of
artificial neural networks allowed for the automatic analysis of learners’ diagnostic
argumentation texts, thus facilitating the automatic provision of elaborated adaptive feedback
in real-time and without involving a human corrector. However, to implement such NLP-
based systems initially requires training data, which needs to be coded based on the aspects to
provide feedback for. Thus, developing and implementing NLP-based automatic adaptive
feedback is a time-consuming and extensive task, but it is one that may pay off when it comes
to preparing a significant number of future professionals for the challenge of performing
diagnostic reasoning in real-life professional situations.

5.4 Limitations

The three presented studies involved several methodological aspects, which might be
considered potential limitations concerning the preceding interpretations, conclusions, and
implications.

The selection of the diagnostic problems for researching diagnostic reasoning in the
context of teacher education focused on pupils’ deficits in reading and writing as well as
behavioral problems, which had to be distinguished as clinically relevant (e.g., because of
dyslexia or ADHD) or clinically irrelevant (e.g., inattentiveness because of emotional stress
induced by family conditions). These sets of diagnostic problems were selected and designed
for the first study to achieve a comparatively high degree of matching with the diagnostic
problems from medical education in terms of complexity and required activities (see sections
1.2 and 1.6.1), as well as accountability and responsibility, which determine the situational
epistemic value of achieving diagnostic accuracy (see sections 1.3.1 and 1.6.1). Nevertheless,
concerning the problem characteristic of exemplarity (see section 1.2), the clinical aspects in
the diagnostic problems selected for teacher education may be considered less typical with
respect to the frequency of the expected encounters in teachers’ everyday routine as

compared, for example, to assessing a pupil’s level of skill. The selection of diagnostic
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problems might therefore limit the generalizability of the findings of all three studies to other
areas of diagnostic reasoning in teacher education. However, although the selected diagnostic
problems are not the most frequent ones for teachers to reason about, teachers are still
regularly confronted with pupils’ clinical problems and behaviors. For example, the
prevalence rates for ADHD are estimated to range from 5 to 10 percent of pupils, meaning
that one to two out of twenty pupils is affected by the respective symptoms and functional
impairment (Faraone et al., 2003; Scahill & Schwab-Stone, 2000) that demand specific
support to avoid long-term consequences for their school career. Teachers are the first
professionals who have the opportunity to identify an existing problem and initiate further
action (Reinke et al., 2011; Rothi et al., 2008). However, studies have found that they often
report a lack of required knowledge and skills, which is why they feel particularly challenged
by identifying pupils’ clinical problems, such as ADHD (Mohr-Jensen et al., 2019; Poznanski
et al., 2021). Therefore, the selected diagnostic problems can still be considered relatively
typical for teachers’ everyday practice and teacher education.

Besides the matter of practical relevance, the selection of diagnostic problems for
researching diagnostic reasoning in teacher education may relate to the particular concerns
regarding the generalizability of specific study findings. With respect to the question of
generalizability concerning the finding of a rather data-driven or description-driven diagnostic
practice in teacher education, it is reasonable to assume that the findings may replicate in
other content areas of teachers’ diagnostic reasoning. This is because diagnostic practices and
underlying ideals are considered field-specific. However, further research needs to address the
replicability of the identified practices in different content areas, which seems relevant to both
medical education and teacher education.

Moreover, the selected diagnostic problems could be considered to be limiting the
generalizability of the finding that diagnostic judgment and diagnostic argumentation
represent distinct diagnostic reasoning skills. However, this thesis considered the
conceptualization of both diagnostic judgment (indicated by diagnostic accuracy) and
diagnostic argumentation (indicated by justification, disconfirmation, and transparency)
nonspecific to the content area of clinical problems. Thus, the result pattern is expected to be
replicable in other areas where teachers have to make diagnoses. This could be investigated in
further research.

Another limitation concerning the results of the first and second studies may be the
study progress of the students from teacher education. The sample consisted of learners from

a broad range of semesters. Those learners who were rather new to the field of study might
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not have had sufficient time to internalize (explicitly taught or implicitly learned) the ideals
and standards and adapt their individual approaches of applying diagnostic activities in
accordance with their field’s collective diagnostic practice. In contrast, the medical students
were in their fifth or a higher semester and had completed significantly more semesters than
the preservice teachers. Therefore, the potential effect of the preservice teachers’ semester of
study on their relative frequency in applying different diagnostic activities was tested. The
number of semesters did not correlate with the proportion of the different diagnostic activities.
Moreover, the analyses were repeated by comparing the medical students to a subsample of
preservice teachers who were in the fifth or a higher semester. The subsample analyses
revealed the same patterns of results as the analyses of the full sample. Hence, it seems
unlikely that the a priori difference in the number of semesters would lead to substantial bias
in the results (see supplement of Paper 1 in section 2).

The broad range of study semesters of the students from teacher education could have
also affected their level of diagnostic reasoning skills as well as diagnostic knowledge that
was assessed in the second study. In the local teacher education program, relevant courses
about pupils’ clinical problems were not compulsory or bound to a specific semester.
Therefore, the sample was considered as representative for the local teacher education
program. However, there might be considerable variations between different universities and,
in particular, between different national educational systems (Bauer & Prenzel, 2012), which
might be addressed by further research.

One limitation concerning the data analyzed in the first paper concerns the inter-rater
reliabilities for generating hypotheses and drawing conclusions, which were relatively low in
the teacher education data. This could limit the conclusions that can be drawn about the
variability in diagnostic practices of teacher education learners in particular. The coding was
done simultaneously with data segmentation and the identified segments were partially very
fine-grained (see Appendix B for detailed information about the coding scheme). Most likely,
the combined task decreased the overall inter-rater agreement compared to inter-rater
agreements for exclusive coding tasks, which are usually reported in other studies. However,
for our operationalization of diagnostic practices, we reduced the granularity of the original
segments by accumulating the presence or absence of diagnostic activities within one
sentence. Because of the higher abstraction level in the segmentation used in the analyses of
diagnostic practices, the actual agreement of diagnostic activities on the segmentation level of
sentences may be actually higher than the agreement of the individually coded diagnostic

activities. Therefore, the inter-rater reliabilities for generating hypotheses and drawing
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conclusions might actually be satisfactory to draw conclusions about the variability in
preservice teachers’ diagnostic practices.

In both the second and the third paper, there were issues with respect to low internal
consistency of diagnostic accuracy. In the second study, the internal consistency limits the
interpretability of the results of respective correlation analysis (RQ3), because it may hide
further correlations with disconfirmation or transparency that were not observed in the results.
In the third study, the low internal consistency of diagnostic accuracy may hide further effects
of the interventions, would possibly affect the interpretation of the results pattern. One
potential reason for the repeated issue with the internal consistency of diagnostic accuracy are
the different areas of diagnostic problems (reading and writing plus behavioral problems) that
we included in the study. A second potential reason is the small number of measurement
items (simulated diagnostic problems), which is known to cause low internal consistency
values (e.g., Monteiro et al., 2020). However, a higher number of measurement items would
have overwhelmed the learners, because of the scope, amount of information, and processing
time. Moreover, both studies found significant and meaningful results with respect to
diagnostic accuracy, such as in study two that diagnostic accuracy correlated with the
variables conceptual and strategic diagnostic knowledge, which was in accordance with the
theoretically grounded expectation. Therefore, the low internal consistency of diagnostic
accuracy might not be a major issue for the studies’ interpretations. However, future studies
might measure outcomes like diagnostic accuracy with a larger amount of measurement items.
To do so, a larger number of simulated diagnostic problems that require less time for the
learners to solve might help to get a more reliable measurement of diagnostic accuracy.

In the third study, the conclusions drawn with respect to the cognitive demands
imposed by making diagnostic judgments might be limited in their generalizability with
respect to the diagnostic tasks involved. As the number of possible diagnoses was relatively
low and also the similarity of the diagnoses regarding their associated cues was relatively low,
the decision task itself might not have been taxing the cognitive resources of the participating
preservice teachers to the extent that more complex decisions would.

With respect to the internal validity of the quality of justifications in study three, there
may have been issues because the instruction did not specifically emphasize the necessity to
state the diagnosis, but asked the learners to justify their diagnosis, therefore only asking for
the diagnosis implicitly. However, independently of inaccuracy or absence of the diagnosis,

adaptive feedback — compared to static feedback — helped improve collaborative learners’
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performance in writing a congruent explanation of their diagnostic reasoning that includes a
conclusion regarding the diagnosis.
5.5 Directions for Future Research

Future research may further investigate the differences, commonalities, and the
continuing development of diagnostic practices in and across different fields, such as medical
education and teacher education. In particular, the finding of rather data-driven diagnostic
practices in teacher education compared to hypothesis-driven diagnostic practices in medical
education may be addressed by replication studies that involve diagnostic problems of other
content areas. To this end, using matched study designs, as implemented in the first study,
seems to be a beneficial research approach to maximize cross-disciplinary comparability.
Moreover, using the novel method of ENA (Shaffer, 2017) is recommended as suitable
analysis for further research on diagnostic practices. Analyzing co-occurrences of specific
instances (such as diagnostic activities) as a basis for creating network graphs, ENA is
specifically designed for exploring and comparing individual and collective patterns of
epistemic processing, such as comparing diagnostic practices shown by groups of students
from different fields. On a related note, there are other fields beyond medical education and
teacher education that may be interesting to consider and research in terms of diagnostic
reasoning and diagnostic practices. For example, Abele (2018) emphasized the commonalities
of diagnostic reasoning in mechatronics education with diagnostic reasoning in medical
education and teacher education because “technicians and engineers have to detect causes of
malfunctioning machines” (Abele, 2018, p. 134). Researching diagnostic reasoning in
additional fields might yield further insights and a deepened understanding of the fields’
commonalities, differences, and their ongoing development of diagnostic practices.

Moreover, the role of field-specific ideals and already implemented standards in
diagnostic reasoning requires further investigation. The relation of ideals and standards with
diagnostic activities and diagnostic practices, in particular, demands more in-depth research to
better understand the commonalities, differences, and ongoing development of diagnostic
reasoning and diagnostic practices in different fields. In doing so, research can facilitate the
further discussion and development of field-specific standards and further the
professionalization of diagnostic reasoning. In addition, future research may address how the
knowledge and internalization of field-specific standards affect diagnostic reasoning in
general and the performance of diagnostic judgment and diagnostic argumentation in

particular.



101

The knowledge and internalization of field-specific standards, and the role of cross-
domain transferable reasoning and argumentation skills in justification, disconfirmation, and
transparency may also be investigated, considering the finding that large amounts of variance
in diagnostic argumentation remained unexplained by conceptual and strategic diagnostic
knowledge.

Future research is also necessary to further validate the ideas and findings that
diagnostic argumentation is a diagnostic skill distinct from making accurate diagnostic
judgments. In particular, the findings require replication research with respect to other
diagnostic problems in teacher education, but the replicability of the results pattern in medical
education is also of specific interest. Moreover, it needs to be clarified, which joint predictors
might explain the relation between accurate diagnostic judgment and justification in
diagnostic argumentation require clarification, because the relation that was found did not
seem to be explained by conceptual and strategic diagnostic knowledge. Both accurate
diagnostic judgment and justification in diagnostic argumentation might be predicted by the
controlled processing of information in solving the cases. However, controlled vs. intuitive
information processing is difficult to research. One possible approach to generate further and
more specific evidence might be by experimentally manipulating the time pressure in solving
brief diagnostic problems (see Evans, 2008; Loibl et al., 2020).

Further investigating the relation of information processing types and diagnostic
reasoning skills is also relevant to clarify the proposed mechanisms underlying the interaction
effect of adaptive feedback and collaborative learning on diagnostic judgment and diagnostic
argumentation. Beyond manipulating time pressure, other experimental variations might also
offer interesting insights into the underlying mechanisms, such as the experimental
manipulation of diagnostic problem characteristics (e.g., complexity).

In general, the proposed characteristics of diagnostic problems require further
investigation to make functional adaptations of problem characteristics in simulations for
learning, assessment, and research. Moreover, the effects of the variations of the problem
characteristics on diagnostic reasoning and the performance of diagnostic reasoning skills in
particular need to be explored in more detail.

Research on collaborative simulation-based learning of diagnostic reasoning skills
may clarify the conditions under which the potential of collaborative learning can be
effectively utilized for facilitating the simulation-based learning of diagnostic reasoning skills.

For example, collaboration scripts (Radkowitsch et al., 2021) may be useful to structure in-
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process dialogic argumentation, which could be beneficial for achieving accurate diagnostic
judgments and facilitating post-hoc diagnostic argumentation.

Finally, considering the promising results of NLP-based automatic adaptive feedback,
the use of NLP methods for providing adaptive feedback and other adaptive learning support
may be further investigated. In particular, the transferability of the employed algorithms to
problems other than the used diagnostic ones is of particular interest. Achieving transferability
of the employed NLP algorithms would allow the implementation of NLP-based automatic
adaptive feedback in simulation-based learning of diagnostic reasoning skills at a larger scale

in both medical education and teacher education.
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Diagnostic reasoning has been researched and taught in medical and teacher
education. To advance a cross-disciplinary research perspective on diagnostic reasoning, this
thesis discussed diagnostic reasoning regarding the similarities and differences between the
two fields of medical and teacher education. Respective research needs to consider and
acknowledge the differences between diagnostic reasoning in medical and teacher education:
In particular, differences in the content areas of diagnostic problems result in content
specificity concerning the diagnostic knowledge (see Fortsch et al., 2018) that is required to
achieve diagnostic accuracy. However, diagnostic problems in varying fields and within one
single field can be analyzed regarding other characteristics, namely, exemplarity, complexity,
and required activities. These problem characteristics can systematically affect diagnostic
reasoning processes. Therefore, research should consider the problem characteristics when
investigating for example epistemic or cognitive processing in diagnostic reasoning.

In both medical and teacher education, achieving diagnostic accuracy is the central
epistemic aim in diagnostic reasoning (see Chinn et al., 2011) to initiate action that helps
patients and pupils. However, fields can vary concerning the relative emphasis on diagnostic
activities in their diagnostic practices (see Bauer et al., 2020; Fischer et al., 2014; Heitzmann
et al., 2019), which they have developed to achieve diagnostic accuracy. Using the novel
method of ENA (Shaffer, 2017) to compare the epistemic processing in diagnostic reasoning
in medical and teacher education, the findings of the first paper suggested that medical
students showed a more hypothesis-driven approach in their diagnostic practices (see Coderre
et al., 2010; Kiesewetter et al., 2013; Seidel & Stiirmer, 2014). By comparison, preservice
teachers demonstrated a more data-driven approach in their diagnostic practices (see Grasel &
Mandl, 1993; Kiesewetter et al., 2013; Norman et al., 2007; Seidel & Stiirmer, 2014).
Therefore, medical education and teacher education might be considered as representing
different epistemic communities (see Kelly, 2008), which have developed specific approaches
to diagnostic reasoning that relate to field-specific ideals and standards (see Chinn et al.,
2011). The internalization of these field-specific ideals and standards is part of medical
students’ and preservice teachers’ professional development and learning. In addition to
content-specific diagnostic knowledge (see Fortsch et al., 2018), the knowledge of field-
specific standards may be considered an additional part of the knowledge base on which
professionals perform diagnostic reasoning.

The situational application of professional knowledge in solving diagnostic problems
can be subsumed under diagnostic reasoning skills. I suggested distinguishing diagnostic

reasoning skills concerning diagnostic judgment (see Loibl et al., 2020) and a novel
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conceptualization of diagnostic argumentation, including the three facets of justification,
disconfirmation, and transparency. The second paper presented in this thesis provided
evidence for the assumption that preservice teachers do not necessarily seem equally capable
of making accurate diagnostic judgments and formulating justified, disconfirmatory, and
transparent diagnostic argumentations. Moreover, the results supported the notion that
justification, disconfirmation, and transparency represent distinct subskills of diagnostic
argumentation because of the disparities found in the underlying knowledge bases.

The distinction between diagnostic judgment and diagnostic argumentation seems
practically relevant in supporting the learning of diagnostic reasoning skills. In simulation-
based learning (Chernikova, Heitzmann, Stadler et al., 2020), the implemented automatic
adaptive feedback (see Bimba et al., 2017; Pfeiffer et al., 2019) facilitated the justification of
diagnostic argumentation compared to a static feedback condition. For the presumably less
cognitively demanding skill of making an accurate diagnostic judgment, the adaptive
feedback only outperformed static feedback in collaborative, simulation-based learning.
Adaptive feedback seemed to effectively compensate for collaboration costs compared to the
static feedback condition, in which collaborative learners experienced performance drops in
diagnostic accuracy. Moreover, NLP methods, such as the implemented algorithms of
artificial neural networks (see Pfeiffer et al., 2019) to automate adaptive feedback, provide
particular benefits in fostering learning cognitively demanding reasoning skills, such as
diagnostic argumentation, even in short-term interventions. Therefore, providing adaptive
feedback is a promising instructional support to help preservice teachers improve their
diagnostic reasoning skills and their diagnostic argumentation.

Given that the suggestion to differentiate diagnostic reasoning skills is theoretically
grounded by non-field-specific reasons relating to cognitive processing and epistemic aims, |
assume that the distinction between diagnostic judgment and diagnostic argumentation, as
well as the effects of adaptive feedback and collaboration in simulation-based learning, are
also relevant to and replicable in medical education. Research in medical education and
teacher education needs to replicate the findings and further investigate the relationships,
commonalities, and differences of diagnostic problems, epistemic and cognitive processes in
diagnostic reasoning, and the nature and facilitation of diagnostic reasoning skills.

Building on the research and insights presented in this thesis, further cross-disciplinary
research in analyzing and facilitating diagnostic reasoning may contribute to preparing
medical students and preservice teachers to perform diagnostic reasoning in real-life

professional situations.
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Appendix A
Case Materials
Case Materials from Teacher Education

See Supplementary material of study 1 (Bauer et al., 2020): In the teacher education
cases, preservice teachers were asked to imagine themselves in the position of a teacher who
was encountering a student with some initial performance-related or behavioral problems that
might even be clinically relevant, e.g. ADHD or dyslexia.

One example is the case of a secondary student named Anna who is displaying
symptoms of an attention-deficit disorder. The leaners are asked to put themselves into the
role of Anna’s class teacher, who teaches German classes and music lessons. The initial
problem statement for the case describes Anna as a 5™ grade student, eleven years old, who
constantly needs to be pushed to finish her tasks and who has bad grades in many subjects,
especially the main subjects. The learners could examine written observations of Anna’s in-
class and out-of-class behavior, read recordings of conversations with Anna, or with her
parents and several teachers, or look at Anna’s last annual report and an example of a written
exercise (see Figure Al). Her behavior is described as very calm and distracted. She is slow in
reading and it is difficult for her to answer questions about a text that she just read. She often
fails to fulfill the exact instruction of a task or fails to fully complete a task. Moreover, she
often does not bring all required school supplies or comes late in the mornings. In a parent-
teacher meeting, Anna’s mother backs up the impression of a disorganized and slow learning
behavior when talking about the homework situation. Anna’s last annual report and the
conversations with the other teachers show that her grades are mostly affected by her
inattentiveness as well, with the exception of artistic subjects and gym classes. Anna mostly
interacts with her one friend and is rather distanced from the other students. Anna herself
points out that it is hard for her to concentrate since she feels easily distracted. However, at
home, where there are fewer ambient noises, she can focus on and enjoy reading, drawing and
painting. Overall, the case information was designed in a way that, the diagnosis of an
attention-deficit disorder is the most likely clinical diagnosis, despite several differential
diagnoses being relevant.

All case materials are publicly available in German language in a repository
(https://osf.io/hn7wm/).



https://www.dict.cc/englisch-deutsch/performance-related.html
https://osf.io/hn7wm/
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Figure Al

Screenshot of user interface for the teacher education case in the CASUS learning
environment (see supplementary material of study 1; Bauer et al., 2020)

- Anna Menu Help )

Please choose, which of the following information you want to access next.

>
E
S
=
-
>
s
=z

Please note that you can freely choose to access the following informational sources in any sequence. You can return to this
menu at any time before submitting your final diagnosis.

Learning & Work Behavior Talk with Anna Collegial Exchange
Parent-Teacher Meeting Annual Report Submit Diagnosis

Q

Case Materials from Medical Education

See Supplementary material of study 1 (Bauer et al., 2020): The medical education
cases presented virtual patients with symptoms of fever and back pain and medical students
were asked to take over the role of a general practitioner.

One exemplary case was about a 36 year-old female, Mrs. Hoffmann, who had a
febrile and flu-like infection for almost a week before seeing the doctor. In addition, she
experienced fatigue, loss of appetite, sickness and diarrhea. One month earlier, she returned
from a trip to Costa Rica, for which she received the recommended vaccinations prior to
departure. The anamnesis provided the information that no other persons in her surrounding
had the same symptoms; that she does not know about any pre-existing illnesses and does not
consume any prescribed drugs, apart from occasionally using homeopathic globules; and that,
she is allergic to penicillin and nickel; moreover, she is a non-smoker, occasionally consumes
alcohol, and excluded the option of pregnancy. To gather more information, learners could
access the patient’s history and had the option to access different tests and test results, e.g.
physical examination, laboratory, x-ray, ECG, HIV test, and others (see Figure A2). Overall,
the symptoms and test results point to an acute hepatitis A infection. Typical symptoms of the
patient’s current stage of the infection are fatigue, limb pain, fever, sickness, diarrhea and

joint pain.



All case materials are publicly available in German language in a repository
(https://osf.i0/92nyv/).
Figure A2

Screenshot of user interface for the medical education case in the CASUS learning
environment (see supplementary material of study 1; Bauer et al., 2020)

- Frau Hoffmann Menu Help «)

Please choose, which of the following information you want to access next.
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Please note that you can freely choose to access the following informational sources in any sequence. You can return to this
menu at any time before submitting your final diagnosis.

Physical Examination HIV-Test Echocardiogram Blood Cultures
Thick Drop Laboratory Submit Diagnosis

:____Ii?

Appendix B
Coding Schemes
Coding Scheme for Epistemic Diagnostic Activities
For study 1 (Bauer et al., 2020), we coded two sets of written explanations of learners’

diagnostic reasoning (i.e., justificatory reports), one set from medical education and one set
for teacher education, on four diagnostic activities: generating hypotheses, generating
evidence, evaluating evidence, and drawing conclusions. We developed a coding scheme
applicable for medical education and teacher education. Coding and segmentation were done
simultaneously to account for overlap in the activities as well. The text data collected and
coded for the first study in teacher education was reanalyzed as part of the second study
(Bauer et al., 2022).

Procedure
Annotation time shall not exceed a maximum of 1.5 hours without taking a break. You

should then take a break of at least 15 minutes. The annotation takes place in several steps,
whereby a text is always annotated at once, i.e. without a break. A text is first read completely
before starting its annotation. Then segments and categories are annotated. Finally, the whole

text is checked again to make sure that all segments and categories are correctly annotated.


https://osf.io/92nyv/
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Please pay attention to annotate precisely to ensure a high level of agreement between the
annotators.

Segmentation
The texts are not pre-segmented. Raters see entire texts (these are usually between two

and twenty sentences long), in which they then freely determine segments that they annotate.
These can be single words up to cross-sentence segments. Punctuation marks (full stop,
comma, etc.) at the end of a segment are not annotated, punctuation marks within an
annotated segment are (of course) included into the annotation. If two segments are separated
by "and" or a punctuation mark, this is not annotated as part of the segments.

General Annotation Rules
The following four epistemic diagnostic activities are annotated: 1) Hypotheses

Generation, 2) Evidence Generation, 3) Evidence Evaluation, and 4) Drawing Conclusion. All
activities can generally appear anywhere in the text. To distinguish between different
epistemic-diagnostic activities, the main focus is on the function of the respective segment in
relation to the diagnosis or thought process expressed in the text. The content, especially its
correctness and relevance, does not matter. The annotation is based on linguistic references to
the function. An example is "Decreased eyesight indicates that he does not see the boundaries
in the mandala clearly”. Here the whole sentence is a conclusion that also contains evidence.
Normally, the decreased eyesight should be inferred from the failure to recognize the
boundary lines, so the failure to recognize should be the evidence. Here, however, it is
linguistically the other way around: from the reduced vision, it is concluded that the boundary
lines are not correctly recognized (X indicates that Y). The annotation here follows what is
expressed linguistically: the first part is also annotated as an evidence evaluation.

One versus Multiple Activities. An activity (i.e., a segment) can contain several
content elements if these elements are linguistically related and a division into two segments
is therefore not linguistically meaningful. This means that there is only one "element of
action", e.g., a verb. For example, “I performed Test X and Test Y counts as one generation
of evidence, although it contains two elements (Test X, Test Y) in terms of content. Listings
without a verb also count as an "element of action™ and therefore as a coherent segment. In
“The patient shows symptoms of X: insomnia, poor appetite, high blood pressure.” The list
“Insomnia, poor appetite, high blood pressure” is a segment (evidence evaluation). In
addition, an epistemic diagnostic activity (a segment) can comprise several sentences if the
facts of the first sentence are explained in more detail in the following sentences.

Examples: “Markus seems to have a general problem with aggression. Everything just

seems to make him aggressive. Whether it's school, his hobby, his friends, classmates, parents
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or teachers.”, “In addition, he has difficulties not only in German, but also in other subjects,
such as art in particular. In this subject he once had to color in a mandala and he was unable to
paint the fields properly.”

In summary, the following rule applies:

1) A related activity is indicated by presence of only one verb (“element of action™);

2) Several verbs ("element of action ") in combination with a more detailed
description and explanation of a matter indicate one coherent activity (especially if it would
not be clear what it was about if it were divided into several activities, since one activity
depends on another in terms of content)

3) Several verbs (“element of action ") in combination with a description of various
issues indicate several individual activities.

Examples: “His typeface is unclean and careless mistakes can be seen in exams.” (2
facts), “The fact that she has no friends and is very opinionated is due to the fact that she is
not really a "child" at home, but that the siblings take care of themselves and thus have to
stand up for themselves, as none of the parents approve them seems to regulate and correct.”
(three issues, the last is explained in detail), “Since hypothyroidism is actually present, she
takes L-thyroxine.” (two issues).

In general, insertions in brackets are annotated as part of the same segment. For
example, “This is confirmed by the hepatitis serology (IgM stands for an acute infection, with
a previous vaccination IgG would be positive).” is a segment (evidence evaluation). In rare
cases, an activity may not have a verb if it is still clear what type of activity it is.

Examples: “31-year-old patient with acute pain in the lumbar spine area after carrying
heavy loads and suspected lumbago.”, “It follows that she developed a weakness in reading
and writing due to the lack of attention.” (Evidence Evaluation).

Insertions and Overlaps. If an activity is inserted into another activity, the insertion
is annotated as part of the outer segment and annotated as a separate segment. For example, in
the case of “I suspect that diagnosis Y applies despite my observation X”, the entire segment
is annotated as hypotheses generation / conclusion (depending on the context) and the inset
“despite my observation X”, i.e. Evidence Evaluation, is annotated. However, epistemic
diagnostic activities of the same type (e.g. two evidence evaluations) cannot overlap.

Content Errors. When annotating epistemic diagnostic activities, it is not important
that the content is correct, but only that it is an activity from a linguistic point of view. For

example, segments with incorrect content such as “Since the moon is made of cheese, the



133

patient has X” or “The blood test showed that the hand was broken” are nevertheless
annotated as epistemic diagnostic activities (conclusion and evidence evaluation).

Spelling and Grammar. No spelling or grammar improvements are made prior to
annotation. As far as the text can be interpreted, spelling and grammatical errors in the
annotation are not annotated differently. In cases in which the error gives rise to different
possibilities for interpretation, the annotators choose the most likely one and take a note for
later comparison (name of the text and a short note on the problematic piece of text). For such
cases, a piece of paper and a pen are kept ready during the annotation.

Categories of Epistemic Diagnostic Activities

Hypotheses Generation. The function of generating a hypothesis is to initiate the
diagnostic process, for example to stimulate the generation and evaluation of evidence.
Therefore, a potential diagnosis of the problem is often named, which guides the further
diagnostic process. Generating hypotheses often appear at the beginning of a text.

Examples: “I would initially suspect that Thomas has a visual impairment.” (first
sentence in the text), “Maria does not seem very mature emotionally. (first sentence in the
text).

However, a generation of hypotheses can also appear in other places in the text, for
example before the evidence generation and evaluation. It can also appear at the end of a text
after various evidence evaluations, the following could be written, “although I first thought
that X, which is annotated as hypotheses generation, since the hypothesis is thus placed
before the aforementioned evidence generation and evaluation.

Segmentation: Part of a hypothesis is anything that suggests that it is a hypothesis,
especially linguistic clues. The segment annotated as Hypothesis Generation should also be
recognizable as a hypothesis if it is on its own (i.e. without further sub-clauses).

Examples: “Young patients with acute back pain after exertion (lifting heavy loads)
initially suggest an acute trauma.” (first sentence in the text), “The patient shows typical
symptoms of X: insomnia, poor appetite, high blood pressure.” (first sentence in the text),
“The patient's increased blood pressure indicates disease X.”, “The physical examination
reveals pain in the right upper abdomen, this could be pain in the liver capsule.” (first
sentence in the text).

Evidence Generation. This activity refers to elements that describe how evidence was
obtained, for example, “I looked at Test X”. Most of the time, this activity includes references

to materials from the case simulation.
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Example: “First I read through all the information about Annika thoroughly and
looked at the relevant material.”

However, generating evidence is also available if, for example, one's own knowledge
retrieval is explicitly mentioned, as in “I remembered course X or “I've seen something
similar before”.

Since activities are annotated here, mentioning an investigation as part of the evidence
evaluation does not count as an evidence generation, as it does not include any activity on the
part of the writer. So "in test X ..." or "in examination X ..." is not an evidence generation and
usually counts as part of the evidence evaluation. However, a generation of evidence does not
necessarily have to contain a verb. If an action that generates evidence is expressed through a
noun, it is evidence generation.

Examples: “An infection was detected when looking at the laboratory results.”, “An
infection was shown in the laboratory results.” (No action element, therefore no evidence
generation), “While reading the case, it was noticed right from the start that she had problems
reading.”

Evidence Evaluation. This involves referring to information that can (but does not
have to) be used to support or exclude hypotheses or conclusions. It is thus an evaluation of
the relevance of given information or a selection of relevant information. Evidence evaluation
often includes the results of tests or investigations. Here, linguistic elements that express an
active selection of information or reflective thinking are annotated as part of the evidence
evaluation, e.g. “It is also important to note that X or “It is noticeable that X or “I think that
X is important is".

Examples: “It was also noticed that she had problems in reading samples, which was
confirmed on the reading sample.”, “No travel vaccination was given.”, “She is very much
looking for the attention of teachers or educators.”, “This was also shown with the grade 2 in
the certificate in the subject of writing.”, “This can be justified with the fact that suddenly his
performance has dropped so much compared to the previous school years.”, “His parents also
note that he has great problems doing his homework in one piece and with concentration.”

In addition, own knowledge that is linked to the present case counts as evidence
evaluation, e.g., "the normal blood value is Y". This also includes the evaluation of the
correctness of the information given, for example the correctness of test results (e.g.

doubting), as in "Blood tests are inaccurate™ or "You cannot trust in X-ray image because ...«
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Source of Evidence: If the source of the evidence is not explicitly generated (in the
sense of the definition of evidence generation), it is part of the evidence evaluation, such as in
"Test Y notices that X" or "Examination Y shows that X ".

Segmentation: Evidence evaluations usually include complete (partial) sentences.
Words at the beginning of a sentence which, for example, form a transition from the previous
sentence (such as “also”, “there”, “but” ...) are annotated as part of the evidence evaluation.
This is especially the case when it comes to an evidence evaluation that forms an insertion in
a conclusion, e.g. "[There evidence], it is disease X" is a conclusion, where "Because of
[evidence]" is also used as an evidence evaluation annotated (see the “Conclusions” section
for more information).

Examples: “This can be justified by the fact that suddenly his performance has
dropped so much compared to the previous school years.”, “Since he is otherwise very good,
especially in sports, and enthusiastically participates ...”, ... because the mistakes appeared so
suddenly and Thomas used to be a good student.”

Drawing Conclusions. This activity includes any kind of integration of information
that generates new information related to the diagnosis of the problem. It is unimportant how
much information is integrated or how much evidence the conclusion refers to. Frequently
occurring signal words are verbs (and corresponding nouns) such as “conclude, diagnose” and
conjunctions such as “there, therefore, therefore, therefore, consequently”. However, a
conclusion does not have to explicitly refer to evidence. For example, if several pieces of
evidence are mentioned and at the end of the text it says “The patient has X”, this counts as a
conclusion, as the sequence in the text implicitly makes it clear that this follows from the
previous evidence (even without conclusive signal words).

Examples: “Markus has a lot of power that he has to let out, but no ADS.” (only one
verb, so one segment), “Markus has a lot of power that he has to let out, but he has no ADS.”
(here there are two verbs, thus two action elements, and since there are two facts, there are
two segments)

It is important that a conclusion is an activity, so it can be recognized by its inferential
function. A conclusion therefore does not necessarily have to contain a diagnosis.

Examples: “The diagnosis could be made from the anamnesis, physical examination
and laboratory-proven positive HLA-27.” (Evidence Evaluation), ”Otherwise she shows no
symptoms that could suggest another disease.” (Evidence Evaluation)
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The word "diagnosis" also suggests a conclusion as it indicates the completion of the
diagnostic process. This means, for example, “Diagnosis: ADHD.” is a conclusion, regardless
of where it is in the text.

Segmentation: It is important that with a conclusion, the linguistic elements that
indicate a conclusion (if any) are always annotated. The segment annotated as a conclusion
should therefore be recognizable as a conclusion if it stands alone. In addition, evidence that
is in the same sentence and supports the inferring part is annotated as part of the conclusion.
The evidence evaluation (or evidence generation) is also (separately) annotated as such. Not
every conclusion has to contain an evidence evaluation.

Examples: “The value X tells me that he has a reading disorder.”, “For example, |
would rule out autism in X.”, “Because X cannot actually be a reading disorder.”, “Since in
my opinion, as described above, everything points to a visual impairment, Thomas might just
need some glasses.”

Coding Scheme for Differential Diagnoses

In study 2 (Bauer et al., 2022), we used the written explanations of learners’ diagnostic
reasoning as the data source to determine the differential diagnoses that learners considered in
their written explanations in the six included cases. We developed a coding scheme including
a set differential diagnoses, which was used for the coding of all six included cases. We used
one category per case, which represented the presence (coded as 1) or absence (coded as 0) of
at least two or more differential diagnoses in the learners’ explanation.

List of Differential Diagnoses

Social problems with peers or family, Behaviors related to emotional stress (no
depression), Puberty-related behaviors, Visual impairment, Hearing impairment, Intellectual
giftedness (behaviors related to insufficient intellectual challenges), Mental retardation,
Anxiety disorder, Depression, Autism, Developmental disorder, Language development
disorder, Isolated reading disorder, Isolated spelling disorder, Reading and spelling disorder /
dyslexia, Arithmetic disorder, General learning disorder / disorder of scholastic skills, ADD,
ADHD / Hyperkinetic Disorder, Hyperkinetic conduct disorder, Conduct disorder.

Coding Scheme for Diagnostic Accuracy
Coding Scheme for Diagnostic Accuracy in Study 2

In study 2 (Bauer et al., 2022), we used the written explanations of learners’ diagnostic

reasoning as the data source to determine leaners’ diagnostic accuracy in the six included

cases. We developed a coding scheme to operationalise diagnostic accuracy for each learning
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case. To measure diagnostic accuracy, we coded all the written diagnoses as accurate (1
point), partially accurate (0.5 points), or inaccurate (0 points).

Example from learning case 4 (Anna).

Category 1: Diagnosis ""ADHD - predominantly inattentive type™. Accurate answer;
1 point. Subject response contains the diagnosis "ADHD - predominantly inattentive type" or
a synonym ("ADS"). Not included: "ADHD", "Combined type".

Category 2: Diagnosis ""ADHD - predominantly inattentive type". Partially accurate
answer; 0.5 points. Subject response contains one of the diagnoses "ADHD", "ADHD -
Combined type".

Coding Scheme for Diagnostic Accuracy in Study 3

In study 3 (Sailer et al., 2023), we used the written explanations of learners’ diagnostic
reasoning as the data source to determine leaners’ diagnostic accuracy in each case. We
developed a coding scheme to operationalise diagnostic accuracy for each learning case and
each post-test case. We used one category per case, which represented the presence (coded as
1) or absence (coded as 0) of the correct diagnosis in the learners’ explanation.

Diagnostic accuracy in the learning process consisted of five categories, each
indicating the presence of the correct diagnoses in the written explanation of learning cases
numbered two to six. The first learning case was not included in the learning process
measurement as the learners received the first feedback after the completion of the cases.

Post-test diagnostic accuracy consisted of two categories, each indicating the presence
of the correct diagnoses in the written explanation of both unsupported post-test cases. All
participants solved the two post-test cases individually. To obtain the post-test diagnostic
accuracy for the dyads, we calculated the mean value for every category for every dyad.

Example from learning case 4 (Anna).

Category 1: Diagnosis ""ADHD - predominantly inattentive type". Subject response
contains the diagnosis "ADHD - predominantly inattentive type" or a synonym ("ADS"). Not
included: "ADHD", "Combined type".

Coding Scheme for the Quality of Justification

In study 3 (Sailer et al., 2023), to determine learners’ quality of justifications in each
case, we used the written explanations of learners’ diagnostic reasoning as the data source.
We developed a coding scheme, which is based on expert solutions, to operationalise the
quality of diagnostic justifications. We used six categories for each case, which indicated the

presence (coded as 1) or absence (coded as 0) of the six primary supporting pieces of
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evidence for the correct diagnosis. Based on experts’ solutions, employing all six pieces of
evidence in a case is considered a high-quality justification.

The quality of justification in the learning process was operationalised by 30
categories. We used learners’ explanations from five learning cases (learning cases two to
six), in which we used six categories representing the presence or absence of the primary
supporting pieces of evidence for the correct diagnosis in each learning case. As the learners
received the first feedback after completing the first learning cases, we excluded the first case
for the measurement of the quality of justification in the learning process.

Post-test quality of justification consisted of 12 categories, which were assigned in the
learners’ explanations from two unsupported post-test cases that all students completed
individually at the end of the study. In each of these two post-test cases, we used six
categories, which were coded for the presence or absence of supporting evidence in the
corresponding case. To obtain the quality of justification values for the dyads, we calculated
the mean value of each of the 12 categories of every dyad.

List of Categories for an Example Case (Case 4 Anna)

Category 1: Inattention. Subject response contains the cardinal ADD symptom of
inattentiveness. Examples: "dreamy, careless, comes too late", "forgets things that she has
already learned", "looks out the window", "she is disorganized, her workplace is always
chaotic".

Category 2: No hyperactivity and impulsiveness. The test person's response
contains that Anna's ADHD symptoms hyperactivity and / or impulsivity are not excessively
pronounced. Examples: "She is a nice girl and not impulsive", "Anna is a very calm child".
Note: Code "1" is also assigned if only one of the two symptoms (hyperactivity or
impulsivity) is explicitly excluded and the other symptom is not mentioned.

Category 3: Reading speed and comprehension slow. Subject answer contains that
Anna reads slowly and has difficulty reading comprehension (does not understand the content
of what is read). Example: "reads slowly and does not understand the content".

Category 4: No problems with reading accuracy. Subject answer contains that
Anna shows no deficits in reading accuracy. Examples: "The reading accuracy is good", "She
does not make many mistakes when reading".

Category 5: Selectively good concentration performance with interesting content.
Subject answer contains that Anna can concentrate better when she is busy with something

interesting. Examples: "is very interested in art and can delve into this area”, "she can only
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focus for a long time while painting™, "she is very talented in art and is completely at it". Not
included: "is gifted in art", "art is her passion".

Category 6: Cross-disciplinary performance problems. Subject answer contains
that Anna has difficulties in several subjects. Examples: "l already needed tuition for the
transfer”, "Can't keep up in German and also has problems in English”, "She says that she

would like to have better grades".

Appendix C
Knowledge Tests

Conceptual Diagnostic Knowledge Test
Description

In study 2 (Bauer et al., 2022), we assessed prior conceptual diagnostic knowledge
with a pretest that was administered after the theoretical input. We used 14 single-choice
items about diagnosing ADHD and dyslexia, with four answer options each (one correct
answer and three distractors). Participants received 1 point per correct answer and, thus, were
able to achieve a total of 0 to 14 points of conceptual diagnostic knowledge on the pretest.
Instruction for the Participants

On the following cards, you will be asked several questions. Please read these
questions carefully. For every question, there is exactly one right answer. You will not receive
any feedback on the correctness of your answer. To save your answer, please make sure to
click the button "Abschicken". Otherwise, your answer will not be saved. After submitting
your answer, click on the arrow pointing to the right, on the downright side, and you will be
forwarded to the next question.
Example Item

Which of the following is not one of the cardinal symptoms of ADHD?
Answer options

(a) Inattentiveness, (b) Hyperactivity, (c) Impulsivity, (d) Impatience
Strategic Diagnostic Knowledge Test
Description

In study 2 (Bauer et al., 2022), we measured prior strategic diagnostic knowledge by
using the format of key feature cases (Page et al., 1995). Each item presented the key features
of a case as a brief description consisting of a few sentences before asking about the strategic
approach used to diagnose the case. We included four key feature cases in total. Two key

feature cases were about ADHD and two about dyslexia. The key features presented in the
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case information described a school student’s behavior and other observations or background
information. Two multiple-choice questions were asked per case. One example key feature
case introduced the fourth-grader Luis, who has always been a rather poor reader but has
begun to fall behind his classmates even more during the last few months and just recently
again received the lowest grade in the class on a reading test. He cannot summarize the
contents of a short text even right after reading it and can only read aloud very slowly. Apart
from his performance issues, he has a chronic disease due to which he cannot regularly attend
school for several weeks.

After reading this brief description of a case, the first multiple choice-question asked
participants to choose all differential diagnoses that were relevant, given the information
presented in the key feature description. As an answer, participants had to pick the relevant
differential diagnoses out of a list of seven to 10 options that included clinical as well as
nonclinical differential diagnoses. Both the answer options and the number of correct answer
options varied across the key feature cases (Case 1 = one correct out of eight options; Case 2
= one correct out of seven options; Case 3 = two correct out of nine options; Case 4 = three
correct out of eight options). Participants received 1 point per answer option if they correctly
chose a relevant differential diagnosis and correctly did not choose an irrelevant differential
diagnosis. Participants received 0 points per answer option if they incorrectly did not choose a
relevant differential diagnosis or incorrectly chose an irrelevant differential diagnosis.
Accordingly, participants were able to achieve a minimum of 0 points in this first key feature
question and a maximum of the number of answer options that each key feature case had
(Case 1 = max. 8 points; Case 2 = max. 7 points; Case 3 = max. 9 points; Case 4 = max. 8
points). A mean score was calculated across all answer options of each key feature case,
resulting in a diagnosis score of 0 to 1 for the first question for each key feature case.

For every key feature case, the second multiple-choice question asked participants to
choose from a list of further approaches and resources that could be used to confirm and/or
disconfirm a given set of differential diagnoses for the presented key feature case. Participants
had to select the relevant further approaches and resources out of a list of seven to 10 options.
Both the answer options and the number of correct answer options varied across the key
feature cases (Case 1 = five correct out of eight options; Case 2 = four correct out of seven
options; Case 3 = three correct out of seven options; Case 4 = six correct out of 10 options).
Participants were again awarded points for correctly choosing relevant options and correctly
not choosing irrelevant options and were awarded no points for incorrectly not choosing

relevant options or incorrectly choosing irrelevant options. Thus, participants could achieve a
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minimum of 0 points on the second question and a maximum of the number of answer options
that each key feature case had (Case 1 = max. 8 points; Case 2 = max. 7 points; Case 3 = max.
7 points; Case 4 = max. 10 points). Across all options, we calculated one mean score per key
feature case for the second question, resulting in a resources score of 0 to 1 for the second
question for each key feature case.

Therefore, with two questions per four key feature cases being scored 0 or 1,
participants were able to achieve a range of 0 to 8 overall points for strategic diagnostic
knowledge on the pretest.

Instruction for the Participants

On the following cards, you will get to know several pupils. Please read the case
descriptions carefully. You will be asked to answer two questions per case. At least one
answer is right and there can be multiple right answers. You will not receive any feedback on
the correctness of your answer. To save your answer, please make sure to click the button
"Abschicken". Otherwise, your answer will not be saved. After submitting your answer, click
on the arrow pointing to the right, on the downright side, and you will be forwarded to the
next question.

Example Item

At the beginning of the third school year were having a meeting with the parents of
your pupil Anja. Lately, her reading and writing performance is very much below the
performance of her classmates. Her spelling is often inaccurate and her reading is very slow.
The parents mention about the death of Anja's grandfather some weeks ago, which seemed to
have thrown the girl off track.

Question 1

Considering the available information, which of the following options may be relevant
to consider as possibly applying to this case?
Answer Options Question 1

(a) Specific Reading Disorder, (b) Emotional Stress, (c) Test Anxiety, (d) Specific
Spelling Disorder, (e) General Learning Disorder, (f) Motivational Problems, (g) ADHD, (h)
Vision Impairment.

Question 2
Which investigations would you initiate to falsify or confirm the diagnoses specific

reading disorder, emotional stress, specific spelling disorder and motivation problems?
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Answer Options Question 2

(a) Ask her about her current emotional situation, (b) Send her to an oculist, (¢) Send
her to a school psychologist, (d) Let her take a reading and spelling test with the school
psychologist, (e) Reduce her school task demands to see if something changes, (f) Look at her
motoric behavior in class, (g) Analyze her past reading and writing competences, (h) Offer

after school classes for her in which you can do further investigations.

Appendix D
Feedback Intervention
Adaptive Feedback

In study 3 (Sailer et al., 2023), learners’ diagnostic explanations were analyzed in real-
time using NLP. A system consisting of three components (NeuralWeb, INCEpTION, and
CASUS) was implemented to automatically and adaptively provide feedback on learners’
current diagnostic reasoning (for in-depth explanation see Pfeiffer et al., 2019). In a “cold-
start” phase, domain experts coded explanations written by learners of a prior study with N =
118 preservice teachers, who worked on the same simulations in CASUS (see Bauer et al.,
2020). The experts used the annotation platform INCEpTION and coded the data according to
diagnostic entities (e.g., reading problems, hyperactivity) and epistemic activities (hypothesis
generation, evidence generation, evidence evaluation, and drawing conclusions; for details see
Schulz et al., 2019). The coded data was used to initially train a predictive model in
NeuralWeb, a Python-based web service.

Written explanations of new learners are processed through the NeuralWeb model to
output a label-set of the discrete diagnostic classes (diagnostic entities and epistemic
activities). Depending on the automatically identified classes, specific paragraphs of
predefined feedback text are adaptively activated. The feedback paragraphs were created by
domain experts and validated by independent domain experts prior to the study. Experts
created approximately 40 feedback paragraphs for every case. For example, these feedback
paragraphs inform the learner that a specific symptom was correctly identified in the
simulated pupil case. When the corresponding element of a pupil’s profile is not detected in a
learner’s written explanation, the feedback informs the learner that they missed mentioning
that symptom. The identified classes and the automatic adaptive feedback, consisting of a
range of different feedback paragraphs, are sent back to CASUS. CASUS then presents this

adaptive feedback to the user.
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The automatic adaptive feedback targets two levels of the learner’s written explanation
of their diagnostic reasoning: diagnostic activities (whether appropriate reasoning activities
were applied or missing) and diagnostic entities (whether the chosen diagnosis and its
justification are correct, incorrect, or missing in terms of the domain-specific and case-
specific content). By clicking on feedback paragraphs, the relating text part, which was
identified in their answer is highlighted (see Figure A3).

Figure A3
Automatic Adaptive Feedback in Casus (see Sailer et al., 2023)

[ Automatically detected
(@ Textautgabe / diagnostic entity in the
Anton ist in allen Fachem gut auBer Deutsch. Er hat groBe beim Lesen learner’s explanation, which

e sich in einem Umfeld, das gut fur seine Forderung ist. Er wird von seiner Mutter bei den Hausaufgaben betreut und auch anderwettig gefordert was highlighted by clicking
ich wurde Antons Fahigkeiten in Deutsch noch wahrend der zweiten Klasse beobachten, da er doch erst in der ersten Klasse ist und sich noch on the corresponding
wel entwickeln kann. ich denke es kann aber sein, dass er eine Lese-Rechtschreibstorung entwickelt oder hat
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hatten und ggf warum Sie diese wieder verworfen haben. Solche eine und diagnostic entity, which was
selektion

missing in the learner’s
explanation:

“You could have gone into
more detail about the fact
that Anton has difficulties in
reading comprehension. For
example, his answers in the
reading test do not match
the questions - it seems that

\f\u(unmln adaptive feedback Learners’ explanation

s M

Feedback on Anton did not comprehend

diagnostic what he just read”.

entities ang innerhalb einer reprasentatr
{ Der Schuler hat in der Tat spezifische Leistungsprobleme im Bereich Lesen ]

(" Clickable feedback paragraph Sie hatten noch genauer spezifizieren konnen, dass Anton im Bereich Lesen unter anderem Probleme mit der Lesegeschwindigkeit und
di tic entity. which hat das Lesen Waorter fallt ihm schwer. Auch das Leseprotokoll spiegelt wieder, dass Anton beim

OnaClagnosticentity, wirc Vorlesen Worter wegiasst oder Buchstaben nicht zu einem Wort verschieifen kann_ Seine Eltern bestatigen, dass die genannten

was detected in the learner’s Schwierigkeiten auch zu Hause bei den Hausaufgaben beobachtbar sind

explanation: ©OSie hatten noch genauer darauf eingehen konnen, dass Anton unter anderem auch Schwierigkeiten im Leseverstandnis hat
Beispielsweise passen sein Antworten in der Leseprobe nicht zu den Fragen — es scheint. als habe Anton nicht sinnentnehmend gelesen

“Indeed, the pupil has specific

\_reading problems”

Static Feedback

Learners in the comparison group in study 3 received an expert solution of the case
(see Figure A4), after they had entered and justified their diagnosis. Learners were asked to
compare it with their own solution. Two independent domain experts validated the expert

solutions prior to their use in the study.
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Figure A4

Static Feedback in Casus (see Sailer et al., 2023)
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oder

Concerning the content of
both feedback types, the
static feedback included the
same information on
diagnostic entities as the
adaptive feedback:

“... his answers in the
reading test do not match
the questions- it seems that
Anton did not comprehend

what he just read”.
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