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Introduction: In veterinary education programs it is important to have a balance
between providing students with valuable hands-on experience and ensuring
the ethical treatment and welfare of the animals involved. In the last years
simulation-based veterinary education played an important role helping with
the replacement of experimental animals in education and at the same time
creating a safe learning environment offering endless options for training in a
safe environment. The aim of this systematic review was to discern which type
of learning outcomes are used to evaluate specific learning goals of clinical
skills training and to grasp the impact of diverse simulator characteristics on the
measured learning outcomes in clinical skills training.

Methods: A systematic search from 1977 until November 2023 has been
conducted resulting in 103 included papers. The categories, learning goals,
learning activities, and learning outcomes in clinical skills training were used for
data extraction of all included studies.

Results: This study investigated the interplay between learning goals, learning
activities, and learning outcomes. Competence and knowledge were the most
frequently described learning outcomes; static and screen-based simulators
are the are most frequently used technologies. Static simulators are primarily
used to train procedural steps and screen-based simulators are primarily used to
train relevant knowledge and clinical reasoning. Notably, none of the reviewed
studies made explicit connections between learning goals, learning activities,
and learning outcomes.

Discussion: In simulation-based education itis important to provide a structured,
constructively aligned process where students gain relevant and effective
experience. The results of this study underscore the importance of aligning the
learning process in simulation-based clinical skills training, and that alignment
in the learning process is hot always evident.
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learning goals, learning activity, learning outcomes, clinical skills training, simulation-
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Introduction

Clinical training plays a vital role in preparing veterinary students
for their professional careers. The primary objective of clinical training
is to acquire the essential clinical skills required to deliver optimal care
and treatment to animals. The acquisition of clinical skills can
be facilitated through a range of learning modalities, spanning from
traditional textbooks to mastery learning sessions in the clinic, as well
as using both low and high-fidelity simulation models. In veterinary
education, students commonly engage with experimental (non-patient)
animals to acquire practical experience in various procedures,
examinations, and treatments. However, it is crucial to recognize the
potential impact on the welfare of these experimental animals (1).
Certain procedures or treatments performed during veterinary
education may cause discomfort to the animals, and because of this
reason can be repeated only a limited number of times, potentially
limiting exposure and training possibilities for students. It is important
for veterinary education programs to strike a balance between providing
students with valuable hands-on experience and ensuring the ethical
treatment and welfare of the animals involved (1). This can be achieved
through animal-free simulation-based veterinary education (SBVE).
Many animal-free simulators have already been developed and
organized in, e.g., skills labs (2, 3). Animal-free models are designed to
align with ethical standards and the humane treatment of animals. The
concept of animal-free models is rooted in the principles of the 3Rs, i.e.,
replacement, reduction, and refinement. These principles advocate for
finding alternatives to animal use, minimizing the number of animals
used, and refining procedures to reduce harm to animals (4, 5). This
approach is particularly valuable for ensuring that students develop
necessary clinical skills before working with live animals.

In addition, animal-free models can offer a level of standardization
and reproducibility that may be challenging to achieve with live animals.
This consistency enhances the learning process by allowing students to
practice and repeat procedures under controlled conditions (6). SBVE
aligns with the experiential learning theory (ELT) by providing a
structured and deliberate environment for students to actively
participate in clinical scenarios (7). Experiential learning theory is a
framework that emphasizes the central role of experience in the learning
process (8-10). The theory posits that learning is a cyclical and iterative
process. The iterative nature of experiential learning in simulation-based
education is reflected in the involvement of repeated cycles of simulation
training, reflection, and application (8-10). This process allows students
to progressively build and refine their clinical skills. Conducting training
of clinical skills in a simulation-based environment will allow for
mistakes and the repetition of complex procedures without inflicting
harm to a living animal. Students can progress at their own speed,
ensuring that each individual masters the skill before moving on to other
(more complex) scenarios (I, 10-15). SBVE allows for further
innovation and quick adaptations to state-of-the-art methods to enhance
clinical skills training for the next generation of veterinary professionals.

SBVE has become the subject of increasing investigation and
reporting and aiming to setup organized skills labs (2, 3, 12, 16, 17).
Notably, the study by Noyes et al. suggests that simulator training
within veterinary education can yield positive outcomes for clinical
skills development (2). However, the effectiveness of SBVE is evaluated
through diverse learning outcomes, including knowledge acquisition,
retention, procedural skills acquisition, quality of clinical decision-
making, and confidence levels. This variety in criteria complicates the
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interpretation and comparison of SBVE effectiveness across studies
(2). Moreover, while there is existing research exploring the general
effectiveness of SBVE and the influence of simulator characteristics
(e.g., fidelity) on overall effectiveness, there is limited literature
examining how specific simulator characteristics impact individual,
separate learning outcomes. This gap in research highlights the need
for a comprehensive literature review to elucidate the relationship
between simulator characteristics and individual learning outcomes
in veterinary clinical skills training. Given the relative lack of
exploration in this area, a systematic review is warranted to address
this gap and to provide insights into optimizing SBVE for enhanced
educational outcomes in veterinary medicine.

A clinical skill is a comprehensive and all-encompassing concept
that involves various components open to training and refinement.
The clinical skills training consists of a learning process that entails
interrelated components, specifically, learning goals, learning
activities, and learning outcomes. Learning goals are the specific
objectives that define what students are expected to know or achieve
and lend themselves to focused training. Learning activities are the
practical experiences, simulations, or exercises designed to facilitate
the attainment of these goals. Learning outcomes are the results of
clinical skill training. Within a specific clinical skills training, one or
multiple learning outcomes can be measured and reported, providing
a nuanced evaluation of both the acquired (sub) skills through that
training and prior initial (sub)skills (18, 19). In the scope of this
review the focus is on these separate measurable learning outcomes.
Moreover, it is important to recognize that the results of clinical skills
training can extend beyond the formal learning objectives, e.g.,
boosting self-efficacy or social skills. Together, learning goals,
learning activities, and learning outcomes create the scaffolds of a
learning process for students to develop the practical abilities
required in clinical settings (2, 18-20). Investigating how specific
simulator characteristics contribute to the learning process of
students during simulation-based clinical skills training can provide
new insights. In essence, the purpose of this systematic review is to
discern which type of learning outcomes are used to evaluate specific
learning goals of clinical skills training and to grasp the impact of
diverse simulator characteristics on the measured learning outcomes
in clinical skills training.

To address the aforementioned aim, the relation between learning
outcomes and simulation-based clinical skills training in veterinary
education was investigated.

In particular we addressed:

1) How do the Learning outcomes relate to the specific Learning
goals during clinical skills training?

2) How do simulator characteristics in the Learning activity relate
to the measured Learning outcomes in the clinical skills
training setting?

Methods

This systematic review was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) standards of quality (21). This study has been preregistered
on Open Science Framework (osf.io/3m6(z).
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Search strategy

A systematic search in relevant literature published from 1977
until November 2023 was performed using the following electronic
databases: Scopus, MEDLINE (PubMed), Embase, ERIC and CAB
Abstracts. The search consisted of the subject terms and subsequent
Boolean combinations in each database for the terms “education”
AND “model OR simulation” AND “veterinary” AND “outcomes”
(see Supplementary Document 1).

A manual search was also performed to retrieve additional studies
for this review. The manual search consisted of reviewing the reference
lists of identified papers and relevant systematic reviews to find
additional relevant studies. Duplicates were identified through the
reference program EndNote (Endnote 20, Clarivate) and removed
from the total number of records identified through the initial search
and the manual search.

Study selection

The remaining records were screened by reviewing the title and
abstract. After the initial title and abstract-based review process, all
retrieved full-text papers were assessed for eligibility based on the in-and
exclusion criteria. Inclusion criteria were description of peer reviewed and
original research; simulators used for skills training in veterinary
education; veterinary students as studied population; skills had to
be clinical skills; quantitative and/or qualitative measurements of
cognitive and/or clinical skill outcomes; presence of a control group for
comparison; full-text availability in English. All papers were tested against
the in-and exclusion criteria by an AI method (ASReview) (22) and two
independent reviewers, and disparity between reviewers for the inclusion
of 27 papers was settled through consensus. This resulted in 103 papers
that met all inclusion criteria and were included for the systematic review;
see Figure 1. The risk of bias was assessed by one reviewer and checked by
the other reviewers in the included studies using the revised Cochrane
‘Risk of bias’ tool (23).

Data extraction and analysis

A data extraction table was created in Excel (Excel 2016, Microsoft)
to capture study characteristics for the included studies (see
Supplementary Document 2). In order to analyze the selected studies,
three categories were identified: (1) “Learning goals,” (2) “Learning
outcomes;” and (3) “Learning activities” For each reviewed study, the
definitions of these categories were applied to the extracted data. This
means that, even if the reviewed studies did not use the same terminology
or explicitly define their learning goals, learning activities, or learning
outcomes in those terms, the reviewers interpreted the study data to fit
into these predefined categories. This approach allowed for a structured
analysis that identified how these three elements intersect and relate to
clinical skills training in veterinary education.

Learning goals

Clinical skills encompass various components that can be trained and
refined (24). For each clinical skill it was identified per study whether the

», «

training included one or more of the following “Learning goals™: “Relevant
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knowledge,” “Clinical reasoning,” and/or “Procedural steps” (Table 1) (25).
Furthermore, for each study it was determined whether the focus
primarily was on either of these. This was done based on the proportion
of content per study dedicated to relevant knowledge, clinical reasoning,
and procedural steps. The percentage reported for each learning goal
component reflects the proportion of studies that identified that particular
component as the primary learning goal. For example, if 17% of the
studies focused on clinical reasoning as a primary learning goal, that
percentage is relative to the total number of included studies (Table 2).

In the learning process of clinical skills “Relevant knowledge;
“Clinical reasoning,” and/or “Procedural steps” do not need to be all
present in a specific learning scenario. This is illustrated in the
following examples. For learning the procedural steps in performing
rectal palpation in cattle, the student needs relevant knowledge of
bovine anatomy and knowledge of the technique for rectal palpation.
Procedural steps include restraint of the cow, lubrication of the rectal
glove, gentle insertion of the hand into the rectum, and systematic
palpation of the reproductive structures. Training in these tasks can
take place without clinical reasoning.

For learning clinical reasoning skills in a simulated scenario
featuring a case of a dehydrated cow, the student needs relevant
knowledge of bovine physiology. Clinical reasoning includes the
ability to evaluate the extent of dehydration and consider possible
underlying factors. Subsequently, the student can make an appropriate
treatment strategy based on their assessment. It is not necessary to
perform procedural steps in this virtual case.

Learning activities

For this review the simulator characteristics are described as the
“Learning activity” Three characteristics for each simulation model
have been identified: (1) “Simulator technology, (2) “Type of
simulator;” and (3) “Use of simulation” (Table 1).

1) Simulator technology included static simulators, box trainers,
screen-based simulators, virtual or augmented reality,
integrated simulators, and animal-derived simulators (see
Table 1 for definitions) (2, 14, 26, 27).

2) Type of simulator was subdivided into part-task-driven
simulator, event-driven simulator, and hybrid simulator. A
certain type of simulator can be useful for mastering individual
components of a larger skillset (part-task), for training with a
primary focus on clinical situations and case simulation (event)
or an integration of specific tasks or procedures within the
broader context of a clinical situation (hybrid) (15).

3) Use of simulator was defined as the simulator being interactive
or non-interactive during use. Interactivity refers to the
dynamic relationship between the user (student) and the
simulator. It is defined by the extent to which the simulator
requires input from the user and responds to that input. For
example, in surgery simulators, interactivity may involve the
user manipulating virtual surgical instruments, making
incisions, and observing realistic responses such as bleeding or
tissue reactions. Conversely, a simulator can be categorized as
non-interactive when it operates in a more predetermined
manner, with limited or no responsiveness to the user’s actions,
like a screen-based simulator where the simulator only requires
the student to watch a video without any input (28).
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FIGURE 1
PRSIMA flowchart of search strategy.

The prevalence of each subcategory was calculated by counting
how many times it was identified across all reviewed studies. For
instance, if within “Simulator technology” the static simulator was
identified in 49% of the studies, this percentage reflects its
occurrence relative to the total number of studies reviewed. As
studies could involve multiple learning activities and subcategories,
the combined percentages of these subcategories could exceed 100%
(Table 2).

Learning outcomes

Learning outcomes were defined as the results of a specific clinical
skill training, in which one or multiple separate learning outcomes can
be evaluated, measured, and given feedback on. The learning outcomes
are an integration of both prior knowledge and (sub) skills and newly
acquired knowledge and (sub) skills during the clinical skill training.
It is important to mention that in this review a distinction is made
between these separate measurable learning outcomes and formal
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assessments, where the latter are not included in this review. It was
anticipated that individual studies would report data on multiple
learning outcomes. To address possible preferences for some learning
outcomes to be evaluated by self-evaluation (only), for each study the
separate “Learning outcomes” were extracted and then divided into
two categories: “Evaluated learning outcomes” and “Self-evaluated
learning outcomes.” Both groups of learning outcomes were defined
according to Miller’s pyramid in four distinctive types: “Knowledge,”
“Application of knowledge,” “Competence,;” and “Clinical performance”
(Table 1) (29, 30). The percentages for each learning outcome
component represent how often each outcome was observed relative
to the total number of studies. Since multiple learning outcomes could
be identified within a single study, the cumulative percentages could
exceed 100%. For example, knowledge was found in 32% of studies,
application of knowledge in 17%, and competence in 58%, resulting
in a total more than 100% (Table 2).

The aim was to examine how the learning outcomes relate to the
specific learning goals during clinical skills training and how simulator
characteristics in the learning activity relate to the learning goals and
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TABLE 1 List of terminology and definitions used in the paper with focus on the “Learning goals,” “Learning activities,” and “Learning outcomes.”

Definition

Schematic summary of

definitions used in the
systematic review

Prior (sub)skills

The initial level of prior knowledge, clinical reasoning skills, or competence that students possess in specific clinical (sub)skills before

they undergo clinical skills training.

Learning goals

Relevant knowledge

Knowledge acquired during clinical skills training. Being familiar with the theoretical basis and/or understanding of the theory

needed for successful performance of a clinical skill.

Clinical reasoning

Clinical reasoning skills acquired during clinical skills training. A dynamic and iterative process that involves both analytical

thinking and practical judgment.

Procedural steps

Competence acquired during clinical skills training. The technique used to perform a clinical activity; and/or relates to the sequence

of performance within the skill.

Learning activities

Simulator technology

Simulator technology is categorized in static simulators, box trainers, screen-based simulators, XR technology, integrated simulators,
and animal-derived simulators.

Static simulators: fixed scenarios frozen in time.

Box trainers: often equipped with essential laparoscopic tools such as lenses, cameras, light sources, and monitors, provide hands-on
practical experiences.

Screen-based simulators: using computer screens for the projection of information and possible interactive elements.

Extended Reality (XR): includes Augmented Reality (AR), Virtual Reality (VR), and Mixed Reality (MR), integrating virtual elements
into real or simulated environments.

Integrated simulators: link various learning goals of clinical skills training,

Animal-derived simulators: biological materials sourced from animals, such as cadavers, organs, milk, and eggs.

Type of simulator

The context of the training related to the simulator.
Part-task-driven simulator: training of a specific procedure or intervention.
Event-driven simulator: training with a focus on clinical situations and case simulation.

Hybrid simulator: training containing (part-)tasks within the context of a clinical situation.

Use of simulator

Interactivity in using the simulator. Interactivity is defined as a simulator requiring a user’s input and the simulator responding to a

user’s input. The simulator can be defined as Interactive in use or as Non-interactive in use.

Learning outcomes

Knowledge

Measurement of integrated knowledge. Both prior knowledge and relevant acquired knowledge during learning activity are included.

Application of knowledge

Measurement of the implementation of integrated knowledge in a clinical scenario; includes diagnostic reasoning; and/or aspects of
clinical decision making; and/or understanding of the limitation of the skill and when not to use it; and/or a degree of interpretation

of clinical findings.

Competence

Measurement of integrated competency. Students demonstrate a clinical skill with desired competency levels in an educational

setting (appropriate for level).

Clinical performance

Measurement of clinical performance. Students apply clinical skills independently in a clinical setting (e.g., daily patient care).

measured learning outcomes in the clinical skills training setting ~Learning goals

(Figure 2).

Results

The “Learning goals” were divided into three components,
»«

“Relevant knowledge,” “Clinical reasoning,” and “Procedural steps” 64%
of the scrutinized studies focused on the acquisition of procedural steps.

Following the search strategy 103 papers were included for further

data analysis. The studies are listed in Supplementary Document 3.
Figure 3 shows the total number of papers in our study, arranged by
year of publication. The last decade showed a significant increase in
SBVM papers, with 70% of the papers published in the last decade
(n=72 of n=103 total papers).

The (sub) components of “Learning goals,” “Learning activities,”
and “Learning outcomes” per study were succinctly summarized in

Table 2.
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Learning activities

We have identified the simulator characteristics for the
subcomponents: “Simulator technology,” “Type of simulator;” and “Use
of simulator” Notably, the simulator technology reveals an emphasis
on static simulators (49%) and screen-based simulators (31%). These
technologies are often classified as low-fidelity simulators due to their
low level of complexity and interactivity. For type of simulator,
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TABLE 2 Summary of study components related to all selected studies.

Component Subject Percentage
(%) of studies
Primary Learning Relevant knowledge 18%
goal per study Clinical reasoning 17%
Procedural steps 64%
Learning outcome Knowledge 32% [28%]
[Self-eva]* Application of knowledge 17% [17%]
Competence 58% [50%)]
Clinical performance 4% [18%)
Simulator Static simulator 49%
technology Screen-based simulator 31%
Box trainer 12%
XR technology 6%
Integrated simulator 6%
Animal-derived simulator 5%
Type of simulator Part-task-driven 64%
Event-driven 29%
Hybrid simulation 7%
Use of simulator Interactive 94%
Non-interactive 9%

The percentages indicate the prevalence of each component within the respective studies.
The percentages across components may exceed 100% due to the presence of multiple
elements within a single study.

“The Self-evaluated Learning outcomes [Self-eva] are depicted between brackets per category
of learning outcome.

part-task-driven simulators were two times more prevalent than their
event-driven counterparts. For use of simulator, we have identified the
majority of simulators as interactive in use (94%), only approximately
one in 11 simulators was identified as non-interactive in use.

Learning outcomes

The components for “Learning outcomes” were, “Knowledge;
“Clinical
performance” The evaluated learning outcomes that were most
identified were competence (58%) and knowledge (32%). In 70% of
the studies self-evaluated learning outcomes were identified. Within

“Application of knowledge” “Competence;” and

the self-evaluated learning outcomes, a similar distribution is noted in
comparison with evaluated Learning outcomes, except for the
prevalence of clinical performance, which is notably more identified
as a self-evaluated learning outcome.

As a next step we evaluated the relation between these categories.

Learning outcomes in relation to learning
goals

This analysis addresses the question of how “Learning outcomes”
interact with the “Learning goals” of clinical skills training and gain
insight in how they are aligned. Here we identify which learning
outcomes are most frequently identified according to our
described classification.

Multiple “Learning outcomes” could be identified within a single
study. The learning outcomes were analyzed in relation to the primary
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“Learning goal,” aiming to demonstrate which learning outcomes were
used to measure a specific learning goal of a clinical skill (Table 3). The
percentages for each learning outcome are presented relative to all
included studies, therefore resulting in a total exceeding 100%. In the
context of acquiring “Relevant knowledge” and “Clinical reasoning”
skills, “Knowledge” (94 and 78%) and “Application of knowledge” (28
and 72%) were primarily used as evaluated learning outcomes; and to
a lesser extent in training of “Procedural steps” (6 and 2%). For the
training of procedural steps, “Competence” was mostly (95%) used as
a learning outcome. “Clinical performance” was more rarely reported
and exclusively used as a learning outcome in a learning process with
procedural steps as learning goal (6%).

The self-evaluated learning outcomes show a similar pattern.
However, the results indicate that self-evaluated learning outcomes are
more evenly used across all learning goals. For instance, the self-
evaluation of clinical performance is notably more prevalent across all
learning goals compared to evaluated learning outcomes.

The analysis further explored how different simulator characteristics
were related to each type of “Learning goal” and “Learning outcome,”
according to our systematic approach (as detailed in Tables 4A, 4B).

Learning goals in relation to simulator
characteristics

In the context of clinical skills training, specific simulator
characteristics were predominantly identified for the different “Learning
goals,” as categorized in this review. For “Relevant knowledge” and
“Clinical reasoning” as primary learning goals, screen-based simulators
(85 and 74%), event-driven simulators (95 and 74%), and interactive
simulators (100 and 84%) were the most common characteristics that
were identified. For the training of “Procedural steps,” the use of static
simulators (74%), part-task-driven simulators (110%), and interactive
simulators (120%) were mostly described (Table 4A).

Learning outcomes in relation to simulator
characteristics

In this section we describe how simulator characteristics in the
learning activity relate to the measured learning outcomes in the
clinical skills training setting. For the “Knowledge” and “Application
of knowledge” learning outcomes, we identified certain simulator
characteristics more frequently. Specifically, screen-based simulators,
which display visual information on a screen, were identified in 77%
(knowledge) and 79% (application of knowledge) of studies. Event-
driven simulators, which are focused on a clinical scenario, were
identified in 83 and 79% of the studies. Interactive simulators, which
allow users to engage actively with the simulation, were the most
frequently identified type, noted in 91 and 89% of the studies. In
contrast, when analyzing “Competence” learning outcomes, which
focus on practical skills and abilities, a different set of simulator
characteristics was prominent. Specifically, static simulators, which do
not change during use, were identified in 76% of studies. Part-task-
driven simulators, which focus on specific parts of a task, were noted
in 111% of studies. Interactive simulators were identified most, in
124% of the studies. For “Clinical performance” the analysis showed
that integrated technologies (50%) and hybrid simulators (50%) were
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LEARNING GOALS
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LEARNING OUTCOMES
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clinical skills training

Simulator characteristics used to
design the learning activity

Measured integrated learning
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training
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FIGURE 2

The categories, "Learning goals,” “Learning activities,” and “Learning outcomes” in clinical skills training as used for data extraction.
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Overview of studies included in this review for analysis based on the in-and exclusion criteria, selected by year of publishing.
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identified as learning outcomes in about half of all studies. Interactive
simulators were identified in all studies (100%; Table 4B). However, it
is important to note that clinical performance outcomes had limited
representation in the dataset.

Several “Simulator technologies” are underrepresented in
literature and therefore do not show clear relations when learning
outcomes are positioned against simulator characteristics. The analysis
showed only a strong connection between “Competence” outcomes
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and static simulators (76%; see Table 4B). In contrast, when reversed,
meaning that when simulator characteristics are positioned against
learning outcomes, the results indicated that, except for screen-based
simulators, all types of simulator technologies were mainly associated
with competence learning outcomes as well (see Table 5).

When looking at “Self-evaluated learning outcomes,” where
students evaluate their own learning, different patterns emerged. For
self-evaluating “Knowledge” learning outcomes, the characteristics of
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TABLE 3 Overview of “Learning outcomes” related to distinct “Learning goals.”

Primary learning

Learning outcomes?®

oal per stud . o
goatp y Knowledge [Self-eval Application of Competence [Self-eva] = Clinical performance
knowledge [Self-eva] [Self-eval]
Relevant knowledge 94% 28% 17% 0%
[73%] [33%] [40%] [7%]
Clinical reasoning 78% 72% 6% 0%
[47%] [60%] [20%] [20%]
Procedural steps 6% 2% 95% 6%
[26%] [9%] [98%] [35%]

The percentages reflect the distribution of learning outcomes per category of a learning goals and show how different learning goals are evaluated in terms of evaluated learning outcomes and

self-evaluated [Self-eva] learning outcomes (between brackets).

“For the analysis of evaluated learning outcomes only studies with one or multiple identified evaluated learning outcome are included. For the analysis of self-evaluated learning outcomes only

studies with one or multiple identified self-evaluated learning outcome are included.

"Multiple learning outcomes could be identified within a single study. The percentages are relative to all included studies, therefore resulting in a total exceeding 100%.

TABLE 4A Overview of the percentage distribution of “Learning goals” with respect to simulator characteristics in the “Learning activity.”

Learning Simulator characteristics in Learning activities?

ﬁfﬁls Simulator technology Type of simulator Use of simulator
Static Screen- Box  Animal- Integrated XR Part- Event Hybrid Interactive Non-

based trainer derived task interactive

Relevant 25% 85% 0% 0% 0% 10% | 20% 95% 5% 100% 20%

knowledge

Clinical 26% 74% 0% 0% 0% 5% 26% 74% 5% 84% 21%

reasoning

Procedural 74% 7% 20% 9% 9% 4% | 110% 4% 9% 120% 3%

steps

The percentages represent the prevalence of each simulator characteristic within specific learning goals category.
“Per study multiple simulators can be identified with accompanying characteristics and therefore the total can exceed 100%.

simulators used were varied. Static simulators were identified in 60%
of these studies, and screen-based simulators were identified in 50%.
Both part-task-driven (67%) and event-driven (57%) simulators were
most prevalent in the studies. Similar patterns were observed for self-
evaluating “Application of knowledge” and “Competence” outcomes,
although the differences between the types of simulators were less
pronounced. Notably however, “Clinical performance” was more
frequently identified as a self-evaluation learning outcome, with
multiple simulator characteristics involved (Table 4B).

Links between learning goals, learning
activities, and learning outcomes

While individual studies might have explored the relationship
between learning goals and learning outcomes, or looked at simulator
characteristics, none of the studies in our dataset have combined all
these elements to analyze how learning goals and learning outcomes
are related to the characteristics of the simulator-based learning
activities. In Tables 3, 4A, 4B the relationships between these (sub)
components are summarized. For instance, the type of learning
outcome “Competence” was related to the learning goal “Procedural
steps” in 95% of the cases (Table 3). Competence and procedural steps,
respectively, were associated with static simulator (76 and 74%), part-
task-driven simulator (111 and 110%), and interactive simulators (124
and 120%; Tables 4A, 4B).

Frontiers in Veterinary Science

Furthermore, it was demonstrated that the type of learning
outcome “Application of knowledge” was mostly associated with
“Clinical reasoning” training (72%; Table 3). Simulator characteristics
that were identified for a corresponding learning activity were, screen-
based (79 and 74%), event-driven (79 and 74%), and interactive
simulators (89 and 84%; Tables 4A, 4B).

Discussion

This study investigated the interplay between “Learning goals,”
“Learning activities,” and “Learning outcomes,” highlighting which
simulator characteristics were used to create learning activities that
align with both the learning goals” and the intended learning
outcomes. As the literature indicates, in simulation-based education
it is important to provide a structured, constructively aligned process
where students experience relevant and effective education (7, 31-33).
Through constructive alignment, students are more likely to
understand what is expected from them, engage more effectively in
activities that directly support their learning, and be assessed more
accurately in a manner that reflects the intended learning outcomes
(34-37). The result of this study underscores the importance of
aligning the learning process in simulation-based clinical
skills training.

Within the included studies we have identified a variety of
simulator technology in SBVE. This study shows that static and
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TABLE 4B Overview of the distribution of “Learning outcomes” with respect to simulator characteristics in the “Learning activity.”

Learning Simulator characteristics in Learning activities®
a

ic?rl.Jtt'comes Simulator technology Type of simulator Use of simulator

Static Box Animal- Integrated XR Part-task Event Hybrid Interactive Non-

trainer derived interactive
Knowledge [Self-eva] 26% 77% 0% 0% 3% 6% 20% 83% 9% 91% 20%
[60%] [50%] [7%] [7%] [0%] [3%] [67%] [57%] [3%] (113%] (40%]

Application of 21% 79% 0% 0% 5% 5% 26% 79% 5% 89% 21%
knowledge [Self-eva] [28%] [67%] [0%] [6%] [11%] [6%] [33%] [57%] [3%] [111%] [11%]
Competence [Self- 76% 14% 16% 10% 5% 8% 111% 13% 5% 124% 5%
eval [67%] [20%] [15%] [7%] [7%] [6%] [98%] [17%] [7%] [111%] [6%]
Clinical performance 25% 0% 25% 0% 50% 0% 50% 0% 50% 100% 0%
[Self-eval [35%] [20%] [25%] [15%] [15%] [10%] [85%] [20%] [15%] [115%] (5%]

The percentages indicate the prevalence of each simulator characteristic within specific learning outcome categories: evaluated learning outcomes and self-evaluated (Self-eva) learning outcomes (between brackets).
“For the analysis of evaluated learning outcomes only studies with identified evaluated learning outcome are included. For the analysis of self-evaluated [Self-eva] learning outcomes only studies that with identified self-evaluated learning outcome are included.
"Per study multiple simulators can be identified with accompanying characteristics and therefore the total can exceed over 100%.

TABLE 5 Overview of simulator characteristics in relation to “Learning outcomes.”

Percentage per category of simulator characteristic (%)

Simulator Simulator characteristics in learning activities

characteristic \ \ :

i.rt. Learning Simulator technology Type of simulator Use of simulator

,b q q q -
outcomes? Static Screen- Box Animal- Integrated XR Part- Event Hybrid Interactive Non-
based trainer derived task interactive

Knowledge [Self-eva] 15% 75% 0% 0% 17% 33% 8% 83% 38% 27% 70%
[44%] [54%] [25%] [50%] [0%] [20%] [36%] [59%] [17%] [40%] [67%]

Application of knowledge 6% 42% 0% 0% 17% 17% 6% 43% 13% 14% 40%

[Self-eva] [12%] [43%] [0%] [25%] [40%] [40%] [11%] [48%] (33%] [24%] (33%]

Competence [Self-eva] 77% 25% 71% 100% 50% 83% 81% 23% 38% 65% 30%
[88%] [39%] [100%] [100%] [80%] [60%] [95%] [31%] [67%] [75%] [50%]

Clinical performance 2% 0% 7% 0% 33% 0% 2% 0% 25% 3% 0%

[Self-eva] [17%] [14%] [63%] [75%] [60%] [40%] [30%] [14%] [50%] [27%] [17%]

The percentages represent the prevalence of specific learning outcomes (self-evaluated [Self-eva] learning outcomes between brackets) within each simulator characteristic category.

“For the analysis of evaluated learning outcomes only studies with one or multiple identified evaluated learning outcome are included. For the analysis of self-evaluated [Self-eva] Learning outcomes only studies with one or multiple identified self-evaluated learning
outcome are included.

"Multiple Learning outcomes could be identified per study, therefore the total may exceed over 100%.
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screen-based simulators are most commonly identified. Static
simulators were linked to the acquisition of “Procedural steps” and
screen-based simulators were mostly linked to both “Relevant
knowledge” and “Clinical reasoning” acquisition. Although our
results were derived from the included studies, other publications
outside the scope of our review have noted some limitations with
respect to screen-based and static simulators (2, 38, 39). For example,
Liebig et al. demonstrated in their study that screen-based simulators
can deliver theoretical concepts effectively (40) but their ability to
facilitate practical application may be questionable (15). This is
supported by the study of Datta et al. which shows that the
translation into real-world clinical skills of knowledge gained
through the use of these simulators might not always be seamless
(15). The study of Al-Elq described that static simulators are
restricted in addressing the dynamic and unpredictable nature of
real clinical environments, therefore limiting students in preparing
for more complex clinical scenarios (14). In addition, screen-based
and static simulators are considered more passive simulators through
the lack of physical interaction and tactile feedback, which could
hinder the development of crucial skills. These simulators do not
actively support learning, and information obtained through active
engagement is retained better than information acquired through
passive education (15, 41). Thus, these findings highlight the
importance of aligning “Simulator technology” with “Learning
goals” and “Learning outcomes.”

In addition, other simulator characteristics were examined, such
as “Type of simulator” and “Use of simulator.” This study demonstrates
that part-task-driven simulators were linked to “Competence”
learning outcomes. This is explained in the study of Datta et al. that
reported part-task-driven simulators for their targeted skill practice
and the ability to isolate and focus on specific aspects of a procedure.
These simulators provide students with a safe environment, in which
they can make and experience mistakes, to acquire and refine
procedural skills before applying them in clinical settings (15).
Furthermore, this systematic review reveals that event-driven
simulators were primarily linked to learning outcomes regarding
“Knowledge” As reported by the study of Datta et al., event-driven
simulators can excel in assessing knowledge-based learning
outcomes, as they create contextualized scenarios for practical
knowledge application (15).

Our study also investigated interactivity as a simulator
characteristic. Most studies included in this review describe
interactivity as an essential feature. This is supported by the papers of
Musa et al. and Koukourikos et al. who reported that interactive
simulators facilitate student engagement and promote active
participation, enhancing skill acquisition (28, 42).

Understanding and addressing any misalignments within the
learning process certainly helps to improve the overall educational
experience and support students in achieving their learning goals (43,
44). These misalignments can occur not only in “Self-evaluated
learning outcomes” but also in the instructional design and
implementation of simulation-based education. By considering both
the development and implementation perspectives, as well as the
student’s interaction with the simulator, a more cohesive and effective
learning environment is needed. Self-evaluated learning outcomes
can give relevant insights into the quality of education in particular
related to student’s self-confidence (40, 45). When students engage in
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self-evaluation, they assess their own learning progress, which can
include aspects related to self-efficacy. Encouraging reflection and
self-evaluation as part of the learning process can enhance self-
efficacy and confidence. When students recognize their progress and
acknowledge their accomplishments through reflective cycles, they
are more likely to feel competent and motivated to continue learning.
This approach corresponds with the principles of the experiential
learning cycle, which emphasizes the importance of concrete
experience, reflective observation, abstract conceptualization, and
active experimentation. Bajpai et al. and Liew et al. described the
importance of considering the diversity within a group of students in
terms of “Self-evaluated learning outcomes” (44, 45). Students may
have varying levels of confidence in their abilities, different goals they
wish to achieve, and diverse ways of evaluating their own progress.
This can influence how students perceive the quality of SBVE in the
context of their own development. On the contrary, misalignment in
the SBVE learning process, a disconnect between student expectations
and actual educational outcomes, can result in students feeling less
confident or satisfied with their learning experiences (40, 44, 45).

An example of where students may feel disengaged and less
satisfied, is found in the dimensionality used in the learning process.
The prevalence of two-dimensional (2D) simulators, such as screen-
based ones, were frequently identified in the included studies but
contrasts with the hands-on nature of training, as noted by Datta
et al. and Liebig et al. (15, 40). Individual differences in spatial
abilities further exacerbate this misalignment, particularly in
learning anatomical knowledge. In clinical settings, understanding
three-dimensional (3D) spatial relationships is important, yet both
2D and 3D simulators are used for training anatomical knowledge,
despite their differing effectiveness (46-48). Moreover, measurement
tools, mainly written exams but also, e.g., within-simulator tools to
provide users with feedback, remain predominantly 2D. For effective
learning, both the “Learning activity” and measurement tool should
align with the “Learning goal,” emphasizing the necessity for 3D
offerings (49). These findings show that the simulator characteristics
play a crucial role in alignment of the learning process. Therefore, a
one-size-fits-all approach to simulation-based learning can never
apply for all students and stages of the curriculum (50). With its
adaptable simulator characteristics, SBVE can provide educational
experiences that can be tailored to meet the diverse needs of
students. Further research is needed to explore how individual
preferences and differences influence simulation-based clinical
skills training.

It is of utmost importance to continue innovating educational
methodologies and technologies that are proven to be beneficial for
students and that can safeguard animal welfare. This underscores the
need for educational institutions to embrace such innovations,
ensuring that the training provided is both ethical and effective.

Limitations

The limitations of this paper include those from the inclusion
and exclusion criteria, and potential publication bias. Publication
bias, a significant concern in systematic reviews, arises when studies
with positive results are more likely to be included, while
non-significant findings are excluded. Contributing factors include
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the inclusion of many small studies with positive outcomes,
excluding non-English studies, and ignoring “grey literature” like
conference proceedings and dissertations. Despite efforts to
minimize publication bias, complete avoidance is unrealistic.
Though “grey literature” was not automatically excluded, none
adhered to the selection criteria.

The risk of bias assessment included the aspects of the risk of bias
analysis for each study, according to the Cochrane guidelines. Most
studies maintain a low risk of bias rating, demonstrating adherence
to rigorous methodologies with respect to randomization,
intervention knowledge, measurement consistency, and data analysis.
It is important to note that the majority of the studies reported that
outcome assessors were aware of the intervention, and it could
potentially influence the assessment. However, due to the control
measures generally mentioned, the overall bias remains low
(Supplementary Figure 1).

A notable limitation of this study lies in the categorization
process used to classify the reviewed papers. Although specific
criteria were established for categorization, these criteria were
developed by the reviewers and applied to the papers according to
their assessments. Since the categories used in this framework were
not explicitly defined in the original studies, the process involved
making judgment calls to assign extracted data to the categories and
subcomponents. This reliance on subjective interpretation introduces
a potential for bias. The heterogeneity in research methodologies and
approaches complicated the synthesis of findings, emphasizing the
need for standardized evaluation metrics and methodologies in
future studies. This variability highlights the evolving nature of SBVE
research and the ongoing efforts to establish frameworks for assessing
its impact on veterinary education.

Conclusion

This study’s comprehensive analysis of “Learning goals,
“Learning activities,” and “Learning outcomes” within simulation-
based veterinary education provides valuable insights for curriculum
development in veterinary clinical skills training. Overall, the insights
gained from this study have the potential to refine veterinary
education by promoting evidence-based instructional strategies and
the strategic integration of simulators. The study not only contributes
to refining educational practices but also calls for a deeper
consideration of the alignment between learning goals, learning
activities, learning outcomes, and measurement tools. By embracing
the potential of SBVE, educators can better cater to diverse student
needs and foster optimized skill acquisition and application in
veterinary clinical practice. By understanding the interconnectedness
of learning goals, learning activities, learning outcomes, and
measurement tools, educators could better foster skill acquisition and
prepare students for real-world clinical scenarios with enhanced
competence and self-efficacy.

References

1. Ministry of Agriculture, Nature, and Food Quality. Ambition statement on
innovation in higher education using fewer laboratory animals. National Committee for
the Protection of Animals Used for Scientific Purposes. (2018). Available at: https://www.

Frontiers in Veterinary Science

11

10.3389/fvets.2024.1463642

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

NV: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Visualization, Writing - original draft,
Writing - review & editing. BH: Conceptualization, Data curation,
Methodology, Supervision, Writing - original draft, Writing - review
& editing. HB: Conceptualization, Data curation, Methodology,
Supervision, Writing - original draft, Writing - review & editing. DS:
Conceptualization, Data curation, Funding acquisition, Methodology,
Supervision, Writing — original draft, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This research was
funded by the Utrecht University Stimuleringsfonds Onderwijs 2021-23
“Avatars of animals and humans: 3D interactive holographic models,”
The Erasmus+ project 2020-1-NL01-KA226-HE-083056 “Veterinary
Online Collection;” and the Proefdiervrij Venture Challenge 2021 “Avatar
Z00” (Supported by Proefdiervrij NL, https://proefdiervrij.nl).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fvets.2024.1463642/
full#supplementary-material

ncadierproevenbeleid.nl/documenten/publicatie/23/2/22/ambition-statement-on-
innovation-in-higher-education-using-fewer-laboratory-animals. (Accessed August
23,2023).

frontiersin.org


https://doi.org/10.3389/fvets.2024.1463642
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://proefdiervrij.nl
https://www.frontiersin.org/articles/10.3389/fvets.2024.1463642/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2024.1463642/full#supplementary-material
https://www.ncadierproevenbeleid.nl/documenten/publicatie/23/2/22/ambition-statement-on-innovation-in-higher-education-using-fewer-laboratory-animals
https://www.ncadierproevenbeleid.nl/documenten/publicatie/23/2/22/ambition-statement-on-innovation-in-higher-education-using-fewer-laboratory-animals
https://www.ncadierproevenbeleid.nl/documenten/publicatie/23/2/22/ambition-statement-on-innovation-in-higher-education-using-fewer-laboratory-animals

Veenema et al.

2. Noyes JA, Carbonneau KJ, Matthew SM. Comparative effectiveness of training with
simulators versus traditional instruction in veterinary education: Meta-analysis and
systematic review. ] Vet Med Educ. (2022) 49:25-38. doi: 10.3138/jvme-2020-0026

3. Braid HR. The use of simulators for teaching practical clinical skills to
veterinary students - a review. Altern Lab Anim. (2022) 50:184-94. doi:
10.1177/02611929221098138

4. Hubrecht RC, Carter E. The 3Rs and humane experimental technique:
implementing change. Animals (Basel). (2019) 9:754. doi: 10.3390/ani9100754

5. Andreoli L, Vlasblom R, Drost R, Meijboom FLB, Salvatori D. Challenging future
generations: a qualitative study of Students' attitudes toward the transition to animal-free
innovations in education and research. Animals (Basel). (2023) 13:394. doi: 10.3390/
anil3030394

6. Marcos R, Macedo S, de Vega M, Payo-Puente P. The use of simulation models and
student-owned animals for teaching clinical examination procedures in veterinary
medicine. Vet Sci. (2023) 10:193. doi: 10.3390/vetscil0030193

7. Zackoff MW, Real FJ, Abramson EL, Li S-T'T, Klein MD, Gusic ME. Enhancing
educational scholarship through conceptual frameworks: a challenge and roadmap
for medical educators. Acad Pediatr. (2019) 19:135-41. doi: 10.1016/j.
acap.2018.08.003

8. Dopelt K, Shevach I, Vardimon OE, Czabanowska K, De Nooijer J, Otok R, et al.
Simulation as a key training method for inculcating public health leadership skills: a
mixed methods study. Front Public Health. (2023) 11:1202598. doi: 10.3389/
fpubh.2023.1202598

9. Kong Y. The role of experiential learning on Students' motivation and classroom
engagement. Front Psychol. (2021) 12:771272. doi: 10.3389/fpsyg.2021.771272

10. Yardley S, Teunissen PW, Dornan T. Experiential learning: transforming theory
into practice. Med Teach. (2012) 34:161-4. doi: 10.3109/0142159X.2012.643264

11. Self DJ, Schrader DE, Baldwin DC Jr, Root SK, Wolinsky FD, Shadduck JA. Study
of the influence of veterinary medical education on the moral development of veterinary
students. ] Am Vet Med Assoc. (1991) 198:782-7.

12. Baillie S, Crowther E, Dilly M. The veterinary clinical skills laboratory initiative.
Revista de Docencia Universitaria REDU. (2015) 13:73-81.

13. Osborne C, Brown C, Mostafa A. Effectiveness of high-and low-fidelity simulation-
based medical education in teaching cardiac auscultation: a systematic review and meta-
analysis. Int ] Healthcare Simulation. (2022) 1:75-84. doi: 10.54531/NZWS5167

14. Al-Elq AH. Simulation-based medical teaching and learning. ] Fam Community
Med. (2010) 17:35-40. doi: 10.4103/1319-1683.68787

15. Datta R, Upadhyay K, Jaideep C. Simulation and its role in medical education. Med
] Armed Forces India. (2012) 68:167-72. doi: 10.1016/S0377-1237(12)60040-9

16. Scalese R, Issenberg SB. Effective use of simulations for the teaching and acquisition
of veterinary professional and clinical skills. ] Vet Med Educ. (2005) 32:461-7. doi:
10.3138/jvme.32.4.461

17. Hart LA, Wood MW. Uses of animals and alternatives in college and veterinary
education at the University of California, Davis: institutional commitment for
mainstreaming  alternatives. Altern Lab Anim. (2004) 32:617-20. doi:
10.1177/026119290403201s104

18. Sahu PK, Chattu VK, Rewatkar A, Sakhamuri S. Best practices to impart clinical
skills during preclinical years of medical curriculum. ] Educ Health Promot. (2019) 8:57.
doi: 10.4103/jehp.jehp_354_18

19. Chatterjee D, Corral J. How to write well-defined learning objectives. J Educ
Perioper Med. (2017) 19:E610.

20. Lapierre A, Arbour C, Maheu-Cadotte M-A, Vinette B, Fontaine G, Lavoie P.
Association between clinical simulation design features and novice healthcare professionals
cognitive load: a systematic review and Meta-analysis. Simul Gaming. (2022) 53:538-63. doi:
10.1177/10468781221120599

21.Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items for
systematic reviews and meta-analyses: the PRISMA statement. PLoS Med. (2009)
6:¢1000097. doi: 10.1371/journal.pmed.1000097

22.Van de Schoot R, de Bruin J, Schram R, Zahedi P, de Boer ], Weijdema E, et al. An
open source machine learning framework for efficient and transparent systematic
reviews. Nature Machine Intelligence. (2021) 3:125-33. doi: 10.1038/
$42256-020-00287-7

23. Sterne JAC, Savovi¢ ], Page MJ, Elbers RG, Blencowe NS, Boutron I, et al. RoB 2:
a revised tool for assessing risk of bias in randomised trials. BMJ. (2019) 366:1 4898. doi:
10. 1136/bmj.14898

24. Anderson LS, Olin SJ, Whittemore JC. Proficiency and retention of five clinical
veterinary skills using multipurpose reusable canine manikins vs. Live Animals: Model
Development and Validation. J Vet Medical Educ. (2022) 50:654-660. doi: 10.3138/
jvme-2022-0103

25. Michels ME, Evans DE, Blok GA. What is a clinical skill? Searching for order in
chaos through a modified Delphi process. Med Teach. (2012) 34:e573-81. doi:
10.3109/0142159X.2012.669218

Frontiers in Veterinary Science

10.3389/fvets.2024.1463642

26. Issenberg SB, Scalese R]. Simulation in health care education. Perspect Biol Med.
(2008) 51:31-46. doi: 10.1353/pbm.2008.0004

27.Parekh P, Patel S, Patel N, Shah M. Systematic review and meta-analysis of
augmented reality in medicine, retail, and games. Vis Comput Ind Biomed Art. (2020)
3:21. doi: 10.1186/s42492-020-00057-7

28. Musa D, Gonzalez L, Penney H, Daher S. Interactive video simulation for remote
healthcare learning. Front Surg. (2021) 8:713119. doi: 10.3389/fsurg.2021.713119

29.Ramani S, Leinster S. AMEE guide no. 34: teaching in the clinical environment.
Med Teach. (2008) 30:347-64. doi: 10.1080/01421590802061613

30. Miller GE. The assessment of clinical skills/competence/performance. Acad Med.
(1990) 65:563-7.

31. Adams NE. Bloom's taxonomy of cognitive learning objectives. ] Med Libr Assoc.
(2015) 103:152-3. doi: 10.3163/1536-5050.103.3.010

32. Somerville SG, Harrison NM, Lewis SA. Twelve tips for the pre-brief to promote
psychological safety in simulation-based education. Med Teach. (2023) 45:1349-56. doi:
10.1080/0142159X.2023.2214305

33.Bahattab A, Caviglia M, Martini D, Hubloue I, Della Corte F, Ragazzoni L.
Scenario-based e-simulation Design for Global Health Education: theoretical foundation
and practical recommendations. | Med Internet Res. (2023) 25:e46639. doi:
10.2196/46639

34. Graham AC, McAleer S. An overview of realist evaluation for simulation-based
education. Adv Simul (Lond). (2018) 3:13. doi: 10.1186/s41077-018-0073-6

35.Gilic F, Dalgarno N, Simpson MTW. Applying constructive alignment and
cognitive load in teaching: case study involving a foundational family medicine medical
school course. Can Fam Physician. (2022) 68:308-10. doi: 10.46747/cfp.6804308

36. van der Vleuten CPM, Schuwirth LWT. Assessment in the context of problem-
based learning. Adv Health Sci Educ Theory Pract. (2019) 24:903-14. doi: 10.1007/
$10459-019-09909-1

37.Pégo JM, Cerqueira JJ, Bessa ], Pereira VH, Gomes S, Mariz J, et al. Fifteen years
of experience from a medical School' clinical skills laboratory. Acta Medica Port. (2017)
30:85-92. doi: 10.20344/amp.8408

38.Kane MT. An argument-based approach to validity. Psychol Bull. (1992)
112:527-35.

39. Zadravec KA, Kocar S. The impact of academic disciplines on a constructively
aligned internationalised curriculum. High Educ (Dordr). (2023) 21:1-20. doi: 10.1007/
510734-023-01008-w

40. Liebig P, Prohl H, Sudhaus-Jérn N, Hankel J, Visscher C, Jung K. Interactive,
browser-based graphics to visualize complex data in education of biomedical sciences for
veterinary students. Med Sci Educ. (2022) 32:1323-35. doi: 10.1007/s40670-022-01613-x

41.McMains JC, Larkins MC, Doherty AM, Horiates J, Alachraf K, Gordon JA,
et al. Knowledge retention from emergency medicine simulation-based learning
curriculum for pre-clinical medical students. Cureus. (2023) 15:e41216. doi:
10.7759/cureus.41216

42. Azizi M, Ramezani G, Karimi E, Hayat AA, Faghihi SA, Keshavarzi MH. A
comparison of the effects of teaching through simulation and the traditional method on
nursing students' self-efficacy skills and clinical performance: a quasi-experimental
study. BMC Nurs. (2022) 21:283. doi: 10.1186/s12912-022-01065-z

43. Rajaguru V, Park J. Contemporary integrative review in simulation-based learning
in nursing. Int ] Environ Res Public Health. (2021) 18:726. doi: 10.3390/ijerph18020726

44. Bajpai S, Semwal M, Bajpai R, Car ], Ho AHY. Health Professions' digital
education: review of learning theories in randomized controlled trials by the digital
health education collaboration. ] Med Internet Res. (2019) 21:¢12912. doi: 10.2196/12912

45.Liew SC, Tan MP, Breen E, Krishnan K, Sivarajah I, Raviendran N, et al.
Microlearning and online simulation-based virtual consultation training module for the
undergraduate medical curriculum - a preliminary evaluation. BMC Med Educ. (2023)
23:796. doi: 10.1186/512909-023-04777-1

46. Allavena RE, Schaffer-White AB, Long H, Alawneh JI. Technical skills training for
veterinary students: a comparison of simulators and video for teaching standardized
cardiac dissection. J Vet Med Educ. (2017) 44:620-31. doi: 10.3138/jvme.0516-095R

47.Xu X, Kilroy D, Kumar A, Igbal M, Mangina E, Campbell A. Mixed reality
applications in tertiary veterinary education: a systematic review. In: Cai Y, Mangina E,
Goei SL, editors. Mixed reality for education. Gaming Media and Social Effects. Singapore:
Springer (2023) pp. 241-64.

48. Aghapour M, Bockstahler B. State of the art and future prospects of virtual and
augmented reality in veterinary medicine: a systematic review. Animals. (2022)
12:3517. doi: 10.3390/anil2243517

49. Narang P, Raju B, Jumah F, Konar SK, Nagaraj A, Gupta G, et al. The evolution of
3D anatomical models: a brief historical overview. World Neurosurg. (2021) 155:135-43.
doi: 10.1016/j.wneu.2021.07.133

50. Lawson S, Reid ], Morrow M, Gardiner K. Simulation-based education and human
factors training in postgraduate medical education: a Northern Ireland perspective.
Ulster Med ]. (2018) 87:163-7.

frontiersin.org


https://doi.org/10.3389/fvets.2024.1463642
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.3138/jvme-2020-0026
https://doi.org/10.1177/02611929221098138
https://doi.org/10.3390/ani9100754
https://doi.org/10.3390/ani13030394
https://doi.org/10.3390/ani13030394
https://doi.org/10.3390/vetsci10030193
https://doi.org/10.1016/j.acap.2018.08.003
https://doi.org/10.1016/j.acap.2018.08.003
https://doi.org/10.3389/fpubh.2023.1202598
https://doi.org/10.3389/fpubh.2023.1202598
https://doi.org/10.3389/fpsyg.2021.771272
https://doi.org/10.3109/0142159X.2012.643264
https://doi.org/10.54531/NZWS5167
https://doi.org/10.4103/1319-1683.68787
https://doi.org/10.1016/S0377-1237(12)60040-9
https://doi.org/10.3138/jvme.32.4.461
https://doi.org/10.1177/026119290403201s104
https://doi.org/10.4103/jehp.jehp_354_18
https://doi.org/10.1177/10468781221120599
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1038/s42256-020-00287-7
https://doi.org/10.1038/s42256-020-00287-7
https://doi.org/10.1136/bmj.l4898
https://doi.org/10.3138/jvme-2022-0103
https://doi.org/10.3138/jvme-2022-0103
https://doi.org/10.3109/0142159X.2012.669218
https://doi.org/10.1353/pbm.2008.0004
https://doi.org/10.1186/s42492-020-00057-7
https://doi.org/10.3389/fsurg.2021.713119
https://doi.org/10.1080/01421590802061613
https://doi.org/10.3163/1536-5050.103.3.010
https://doi.org/10.1080/0142159X.2023.2214305
https://doi.org/10.2196/46639
https://doi.org/10.1186/s41077-018-0073-6
https://doi.org/10.46747/cfp.6804308
https://doi.org/10.1007/s10459-019-09909-1
https://doi.org/10.1007/s10459-019-09909-1
https://doi.org/10.20344/amp.8408
https://doi.org/10.1007/s10734-023-01008-w
https://doi.org/10.1007/s10734-023-01008-w
https://doi.org/10.1007/s40670-022-01613-x
https://doi.org/10.7759/cureus.41216
https://doi.org/10.1186/s12912-022-01065-z
https://doi.org/10.3390/ijerph18020726
https://doi.org/10.2196/12912
https://doi.org/10.1186/s12909-023-04777-1
https://doi.org/10.3138/jvme.0516-095R
https://doi.org/10.3390/ani12243517
https://doi.org/10.1016/j.wneu.2021.07.133

	Links between learning goals, learning activities, and learning outcomes in simulation-based clinical skills training: a systematic review of the veterinary literature
	Introduction
	Methods
	Search strategy
	Study selection
	Data extraction and analysis
	Learning goals
	Learning activities
	Learning outcomes

	Results
	Learning goals
	Learning activities
	Learning outcomes
	Learning outcomes in relation to learning goals
	Learning goals in relation to simulator characteristics
	Learning outcomes in relation to simulator characteristics
	Links between learning goals, learning activities, and learning outcomes

	Discussion
	Limitations
	Conclusion

	References

