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ARTICLE INFO ABSTRACT
Keywords: Introduction: Virtual reality (VR) head-mounted displays (HMDs) offer an immersive learning
Augmented and virtual reality experience that could replicate real-life training. Our review identifies and critically analyses

Pedagogical issues
Evaluation methodologies
Simulations

studies of interventions designed to provide procedural training via these media and to test
learning outcomes associated with these interventions.

Methods: We undertook a systematic search of the literature published between January 2013 and
March 2023 related to immersive procedural training interventions using HMDs. Our search
methods and protocol were guided by the PRISMA framework.

Results: Thirty-three studies fulfilled the broader inclusion criteria, while 23 fit the stricter criteria
of measuring a procedural learning outcome. Studies were categorized into three broad types:
design or usability studies, media comparisons, and value-added research. Learning environments
were divided into 360° video representations, serious games, and simulations. Learning outcomes
included knowledge gain, retention, and transfer. A subset of 16 study results that fit the criteria
to be included in the meta-analysis show a significant positive medium effect size overall of
immersive procedural training on learning outcomes as compared to less immersive environ-
ments. Knowledge transfer outcomes show the largest effect sizes.

Conclusions: Our systematic review of the literature highlights the richness and diversity of
existing studies. We find strong support for immersive procedural training and suggest an
important role for embodied cognition in maximizing learning outcomes. However, we also find a
lack of consistency in intervention design, measured outcomes, and terminology among studies.
In the future, more studies using experimental research designs on similar types of applications
and outcome measures are needed to rigorously test these trends.

1. Introduction

The rapid expansion of Virtual Reality (VR) technology is revolutionizing professional training sectors by providing immersive and
interactive learning experiences. VR-based training has been shown to be particularly relevant for procedural training, i.e., skill
acquisition, retention, and transfer, enhancing training effectiveness and efficiency (Chang & Hung, 2019; Rizzo & Bouchard, 2019).
Procedural knowledge is the system containing memories of how one proceeds to do a series of tasks (Baroody, 2003; Gagne et al.,
1997). Physical activities are often measured as the learning outcomes of procedural knowledge, as this knowledge is not expressed
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through verbal communication but by means of performance (Karaiskaki & Anastassiou-Hadjicharalambous, 2021). Procedural
training is a cornerstone of safe practice, efficiency, and preparedness in a variety of domains, including medicine, emergency
response, fire safety, laboratory work, manufacturing, and construction. Training procedural knowledge can lead to economic benefits,
reduced accidents, faster response times, and other positive outcomes (Ricci et al., 2016). However, traditional classroom learning may
not always be able to accurately replicate real-life situations, leading to less learner engagement and real-world skill transfer (Gao
et al., 2019).

To address these limitations, VR has begun to be used in education and training to replicate dangerous or expensive workplace
situations that might be impossible or unethical to let learners experience in real life. VR is well suited to learning procedural
knowledge because it allows for repeated practice of complicated and challenging procedures in a safe and cost-effective environment
(Hamilton et al., 2021), facilitating a risk-free, regulated setting for individuals to practice and master procedures prior to their
real-world application (Xie et al., 2021). This makes VR particularly relevant for procedural tasks in fields such as the military and
aviation, where pilots can replicate various flight scenarios (Buttussi et al., 2020), but also for emergency preparedness, and fire-
fighting, for example (Morélot et al., 2021). In the healthcare sector, VR enables surgeons to simulate intricate surgical procedures
(Lungu et al., 2021).

Furthermore, VR can provide immediate feedback and the opportunity for repeated practice until proficiency is achieved, thereby
fostering a more effective learning process. The incorporation of VR into procedural training exemplifies the transformative impact of
technology on conventional learning methodologies, rendering them more interactive, engaging, and efficient. As advances in VR
technology continue, its utilization in procedural training is anticipated to become even more widespread, heralding a new era in
professional training and development (Stefan et al., 2023).

Procedural training in VR allows learners to simulate gestures and body movements in interaction with the environment (Johnson
et al., 2022; Numfu et al., 2020). The embodied cognition approach (Chemero, 2011; Corris & Chemero, 2022) considers that it is
essential to integrate mental simulations, environments, situated actions, and bodily states in instructional design, as they play a
pivotal role in human cognition (Barsalou, 2010). Embodied learning can be fostered through the enactment of real movement
execution (Chaker et al., 2021) and hand gestures (Chaker, 2023). In this sense, immersive virtual learning using HMDs has been
shown to enhance learner presence and engagement as compared to less immersive environments (Makransky et al., 2021).

However, based on the current literature, the extent to which these technological affordances lead to improved learner acquisition
of procedural knowledge and skills in these environments remains unclear (Hamilton et al., 2021; Jensen & Konradsen, 2018; Johnson
etal., 2022; Radianti et al., 2020). Our current literature review addresses this question, focusing on the different types of studies that
have been conducted on immersive procedural training, the learning theories and measures of learning outcomes mobilized, and its
efficacy as compared to traditional training environments.

1.1. Understanding learning in immersive virtual reality

Originally developed to understand less immersive multimedia learning, the Cognitive Theory of Multimedia Learning (CTML;
Mayer, 2021) has been adapted and applied to understand learning in VR (Mayer et al., 2023; Parong, 2021; Parong & Mayer, 2018).
Its rationale rests on the assertion that words and pictures allow people to learn more deeply than from words alone (Mayer, 2021).
This theoretical approach assumes that learning occurs through active processing of selecting and organizing information as well as
integration with existing information from prior learning (Mayer, 2021).

CTML has been specifically adapted into a theoretical approach for understanding learning in immersive VR (IVR) in the Cognitive
Affective Model of Immersive Learning (CAMIL) (Makransky & Petersen, 2021). CAMIL illustrates how the technological affordances
of immersion, control, and representational fidelity result in both a sense of presence and agency that in turn influences affective and
cognitive factors that lead to learning in IVR (Petersen et al., 2022). Research using CTML and CAMIL highlight the unique immersive
properties of IVR, which translate into an increased sense of presence (Meyer & Pfeiffer, 2020), and interactivity, which results in a
sense of agency for the learner (Johnson-Glenberg, 2018). These two affordances have been highlighted as central to the important role
that IVR could play in training (Johnson et al., 2022; Petersen et al., 2022) and have been argued to be particularly conducive to
embodied learning (Lindgren & Johnson-Glenberg, 2013).

Theories of embodied cognition hold that cognitive processes are not isolated brain activities but involve the whole body and
environment (Chemero, 2011; Clark, 1998) and are grounded in the sociomaterial and sensorimotor conditions of its emergence
(Barsalou, 2010). Sensory and motor information from the body and environment are used to structure and control cognitive processes
(Hollan et al., 2000; Versace et al., 2021), exploiting our environments to reduce cognitive workload (Wilson, 2002). Supporting this,
the role of the environment in aiding recall is well-established (Godden & Baddeley, 1975; Murre, 2021). Embodied learning in IVR
may occur when the learner uses “a physical gesture or movement that is well-mapped to the content to be learned” (Johnson--
Glenberg, 2018, p. 1), which could provide a stronger memory trace for the content. This may offer particular advantages for
non-declarative knowledge, where task performance is targeted, by engaging the physical body in the learning experience (Andrade
et al., 2017).

1.2. Previous systematic reviews and meta-analyses
Early research on virtual learning and training environments showed promising effects on learning experiences, and suggested that

their impact on learning outcomes needed further research (Mikropoulos & Natsis, 2011). However, most implementations before the
widespread availability of current head-mounted displays (HMDs) used desktop-based VR pedagogical interventions (Merchant et al.,
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2014). Since then, a growing number of literature reviews have focused on different types of XR (Kaplan et al., 2021; Papanastasiou
et al., 2019), including HMD-IVR. Particularly in the last few years, several new reviews have been published on specific aspects of
learning in HMD-IVR. For example, authors have focused in detail on the relationship between sense of presence and learning in IVR
(Krassmann et al., 2019, 2023), student engagement in learning in IVR (J. Chen et al., 2023), and its integration into post-secondary
curricula (Concannon et al., 2019).

Several literature reviews specifically relevant to IVR education and training have been published in recent years (see Table 1).
Focused on procedural learning, a systematic review of serious games (SG) for evacuation training highlighted the opportunities that
IVR presents for pedagogical design (Feng et al., 2018). Examining 15 studies, the authors highlighted the diversity of approaches used
in terms of gaming environment, teaching methods, navigation, narrative, virtual agents, and hazards simulation. They showed
generally positive results on knowledge acquisition and retention, as well as behavioural measures such as recorded in-game
behaviour, but they did not provide a quantitative meta-analysis of learning outcomes.

In a more general review on the use of IVR in education and training, Jensen and Konradsen (2018) examined 21 studies incor-
porating HMDs from 2013 to 2018. Of these, six measured cognitive skill and five measured psychomotor skill acquisition. The results
were mainly small positive or no effects of HMD as compared with traditional approaches. The authors highlight the limitations of IVR,
where the immersive experience may overshadow learning and studies were often limited to user evaluations of the technology.
Finally, and more positively, they underscore that while learners may be initially distracted by IVR experiences, they are also more
engaged in the learning experience.

Another review focused on how IVR is used in higher education, and more specifically on the design elements and technologies, the
learning theories, and the evaluation methods used to measure learning outcomes (Radianti et al., 2020). Important to our review, they
classified learning contents into a number of categories, including “procedural-practical knowledge” in which learners must internalize
procedures, “such as knowing how to perform a surgery or how to perform firefighting procedures” (Radianti et al., 2020, p. 13). They
found that most studies did not mention any learning theories (70%) and only half specified a method for evaluating learning
outcomes.

Addressing this point, another review focused specifically on quantitative learning outcomes in experimental designs where IVR
was directly compared with a less immersive learning method (Hamilton et al., 2021). They showed that the greatest weakness of the
studies in their review was the validity of the evaluation instruments, most of them using test scores, and particularly multiple-choice
questionnaires (MCQ), to assess learning. The authors did not conduct a meta-analysis but do judge, from a qualitative perspective,
that most studies in their review reported a significant advantage of using IVR over less immersive approaches. They particularly
highlighted the encouraging results for procedural skills, but underscored the limitations of their own review, which only included four
such studies and only two that looked at knowledge transfer to the real world.

A recent systematic review identified diverse approaches to learning in IVR and the technological and pedagogical design features
used in IVR learning activities in educational contexts (Won et al., 2023). The authors outline different approaches taken by re-
searchers when designing IVR-based learning and found five distinct patterns in the integration of design features, including one
approach in which learners practice skills in realistic hybrid haptic environments (Won et al., 2023). However, they found overall
limited integration and evaluation of pedagogical features, such as contextualisation and social interactions, into IVR-based learning
due to technical challenges.

Two recent meta-analyses exploring the impact of IVR on general learning outcomes found a small positive effect size (ES) overall
(Coban et al., 2022; Wu et al., 2020). The first, which analyzed 35 randomized controlled trials in the literature between 2013 and
2019, found a generally positive effect of IVR-HMDs on learning outcomes as compared to non-immersive desktop VR or lectures, with
an overall ES of g = 0.24 (Wu et al., 2020). They examined several potential moderating variables, including learning domain, HMD
hardware, control group treatment, and type of learning outcomes. They found a particular advantage for HMDs in K-12 education and
in comparison with traditional lectures. The second meta-analysis based on 48 experimental studies from 2016 to 2020 resulted in a
small positive overall ES of g = 0.38 (Coban et al., 2022). The authors suggested that more evidence is needed on procedural task-based

Table 1
Relevant systematic reviews and meta-analyses of the effect of IVR on learning outcomes.
Reference IVR type Topic Learning outcomes Conclusions
Feng et al. (2018) HMDs & PBDs Evacuation serious Best practices, self-protection skills, Presents advantages and limitations
games (SG) and spatial knowledge
Jensen and HMDs Education and Cognitive, psychomotor, and affective  Limited effectiveness, low study quality
Konradsen training skills
(2018)
Radianti et al. (2020) ~ HMDs Higher education Eight types, including procedural- Learning theories not often considered; mainly
practical knowledge usability not learning measures
Wu et al. (2020) HMDs Education and Knowledge test and task performance Small positive effect size
training
Hamilton et al. HMDs Education and Cognitive, procedural, and affective Evaluation of learning outcomes inadequate
(2021) training skills
Coban et al. (2022) HMD, CAVE, Education and Knowledge and task-based activities Small positive effect size
and MR training
Won et al. (2023) HMDs Education and All types of learning tasks Limited integration and evaluation of
training pedagogical features
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performance.

These relevant existing reviews highlight that most studies do not approach VR with an educational theoretical perspective and
tend to focus on aspects of user experience such as presence, ease of use, and enjoyment. Indeed, learning outcomes were rarely studied
until relatively recently, and the large majority still focus on cognitive — or declarative knowledge — rather than on procedural
knowledge and learning outcomes (Hamilton et al., 2021; Matovu et al., 2022).These existing recent literature reviews and
meta-analyses highlight the need for a better understanding of the evaluation of learning outcomes after IVR training, as well as the
need to focus on specific types of learning, notably procedural learning outcomes.

1.3. Rationale for the review

Our systematic review, which focuses specifically on IVR procedural training using HMDs, is guided by the findings of the reviews
summarized above, which show encouraging results for learning outcomes on procedural tasks and suggest that virtual skill acquisition
can be successfully transferred to real world tasks (Coban et al., 2022; Hamilton et al., 2021; Kaplan et al., 2021). Indeed, procedural
knowledge has been highlighted as the least evaluated learning outcome in IVR applications (Matovu et al., 2022), and the mea-
surement of procedural learning outcomes has not been discussed in detail in the reviews to date (McGowin et al., 2021). Furthermore,
it was recommended that future systematic reviews investigate the effects of IVR on learning outcomes not only in relation to learning
topics or educational levels, but also in relation to types of task designs and learning experiences (Won et al., 2023).

Building on and moving beyond these existing reviews, we study the extent to which immersive procedural training improves
learner procedural knowledge as compared to traditional or less immersive environments. Our purpose in the current review can thus
be summarized in three research questions.

1. What types of studies have been conducted on immersive procedural training and with what types of virtual environments?

. What learning theories, objectives, and outcome measures were employed?

3. Does immersive procedural training improve learning outcomes as compared to traditional or less immersive virtual learning
environments?

N

2. Methods
2.1. Search strategy

The search took place between January and March 2023. In line with previous systematic reviews and our knowledge of relevant
recent publications, we chose to search six digital databases: the ACM Digital Library, EBSCO (including ERIC and PsycInfo), IEEE
Digital Library, Science Direct, Scopus, and Web of Science databases. We used the PICOC method to choose our search keywords. This
method defines search keywords using several categories: the population, or people with which evidence is collected; the intervention,
or technology under study; the comparison, or control treatment conditions; the outcomes, or dependent variable of interest; and the
context, or different environments in which the research takes place (Wohlin et al., 2012). We focused our search on virtual reality
interventions in training, learning or education that examine outcomes explicitly related to procedural knowledge. As described in the
introduction, a variety of terms are commonly used in the multi-disciplinary research on procedural training in IVR, so we included
synonyms and related terms as necessary to include a larger number of relevant studies. Our resulting base search string was:

("educat*" OR "learn*" OR "train*") AND ("head mounted display" OR "HMD" OR "head-mounted display" OR "virtual envi-
ronment" OR "virtual learning environment" OR "virtual training environment" OR "virtual reality" OR "VR") AND ("behavio*
skill*" OR "procedural knowledge" OR "procedural acquisition" OR "procedural training")

Our inclusion and exclusion criteria are presented in Table 2. There are at least three different systems that are often used in VR
research: desktop VR, using 3D worlds or games for example; head-mounted displays (HMDs) ranging from high definition and field of
vision Varjo VR to budget Google Cardboard glasses using a regular smartphone; and projection-based displays (PBD), such as CAVE
systems that display 3D images on multiple screens on multiple walls of a room. We focus on HMDs because they are considered the

Table 2
Inclusion and exclusion criteria.
Inclusion criteria (IC) Exclusion criteria (EC)
IC-1 The full text of the study is available. EC-1 The paper is less than 6 pages in length.
IC-2 The study is peer reviewed. EC-2 The study does not examine procedural knowledge.
IC-3 The study is written in English. EC-3 The study is a secondary study, such as a review or theoretical paper.
1C-4 The study measures some kind of learning outcome or user-evaluated presence/  EC-4 The study presents a desktop rather than an immersive VR
immersion. intervention.
IC-5 The study presents some type of evaluation of the effectiveness of the VR EC-5 The study presents a medical simulator without an HMD.
intervention.
IC-6 The study uses an HMD in at least one of the experimental conditions. EC-6 The subjects are a special subpopulation of adults (e.g., illness,
disability, etc.)
IC-7 The study was published between 2013 and 2023. EC-7 The paper does not present an empirical study (meta-analysis only).
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most immersive because they separate the user from the external world completely from a visual and auditory standpoint. Therefore,
we decided to only include those studies that used an IVR environment, either computer-generated or 360° video, via an HMD. Those
studies that used only a desktop VR environment, or a surgical or dental trainer without an HMD, were excluded.

Our focus on learning outcomes also led us to only include those studies who explore a measure of procedural knowledge. Pro-
cedural knowledge most often refers to the knowledge of how to perform a specific task, such as operating an instrument (Dong et al.,
2022), that requires the learner to perform a sequence of actions in order (Ganier et al., 2014). During procedural training, the steps are
typically demonstrated and replicated as practice, during which learners focus on assimilating both procedural knowledge and
mastering motor skills (Buttussi & Chittaro, 2021). This type of knowledge, consisting of “knowing the steps required to perform a
particular procedure” (Ganier et al., 2014, p. 829), is often a vitally important learning objective in a variety of contexts, from assembly
lines to surgery to firefighting.

We did not limit our review to empirical studies in our systematic review, as we were also interested in how design, feasibility, and
usability studies define procedural knowledge for the purposes of creating IVR applications. However, only experimental results were
included in the meta-analysis. We ensured the maturity of the research reviewed by restricting our search to peer-reviewed articles and
conference papers of at least 6 pages in length that were published in a scientific journal or a scientific conference proceeding.

Identification of studies via databases ]
'R -
_E Records identified from ACM Records removed before
® Digital Library, EBSCO, IEEE screening:
5.‘:3 Digital Library, Science Direct, ——> Duplicate records removed
c Scopus, and Web of Science (n=124)
3 Databases (n = 259)
—
Records screened based on title Records excluded based on title
and abstract —»| and abstract
(n=135) (n=87)
Reports sought for retrieval o| Reports not retrieved
= (n = 48) | (n=2)
<
(]
o
Q
n
Reports assessed for eligibility
from full-text — 3| Reports excluded:
(n = 46) Same study (n = 3)
Desktop not HMD (n = 4)
Less than 6 pages (n = 6)
— ) 4
3
= Studies included in the review
g (n=33)

Fig. 1. PRISMA flow diagram (Page et al., 2021).
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2.2. Selection and quality assessment

After conducting our searches in the relevant databases using the article metadata, including the titles, abstracts, and keywords, we
exported BiBTeX files. We then used the Parsifal online tool (https://parsif.al) to organize the resulting BibTeX records and remove
duplicate publications. From our databases searches, we identified 259 relevant records (see Fig. 1). Of these, 124 were duplicate
records. We manually screened the remaining 135 records using their meta-data (title, abstract, keywords, etc.) to judge whether they
met the inclusion and exclusion criteria. Eighty-seven records were removed at this stage, mainly because they examined desktop VR
rather than IVR with an HMD. We then analyzed the full text of the remaining publications. Of these 46 publications, 36 studies were
judged eligible for the present review. Studies were mainly excluded because they were less than six pages long (six studies), but also
because they used desktop rather than HMD-IVR (four studies). Three of the articles presented the same IVR application as another
study found in the review (see Fig. 1). We chose to include only the more complete, preferably experimental study, and so three studies
were excluded from the systematic review of the IVR applications (Li et al., 2020, pp. 566-572; Taunk et al., 2021; Cakiroglu &
Gokoglu, 2019b). However, the empirical results from these studies on separate samples of learners were considered for inclusion in
the meta analysis, as was done for those articles presenting two separate experiments on different samples within the context of the
same IVR study publication (De Lorenzis et al., 2023; Makransky et al., 2021).

2.3. Meta-analysis

For the meta-analysis, we re-examined the criteria for each study included in the systematic review. In order to reasonably compare
results across studies, we limited our selection to interventions that report similar types of evaluations. All experiments that included a
quantitative measure of a learning outcome for both an experimental and control group within one of the selected studies were initially
chosen and examined in more detail. Due to the limited number of value-added studies (see below), only media comparison studies
were included in the meta-analysis. Although several studies used multiple media comparison groups or media comparison combined
with value-added conditions (e.g., Buttussi & Chittaro, 2021; Jung & Ahn, 2018), we chose to only select the control group most similar
to a low-immersion, desktop condition. This decision was based on the risk of overrepresenting the same learning outcome result for
the same IVR experimental group multiple times if introduced into the meta-analysis for each comparison group. However, if the same
study presented multiple experiments meeting the criteria, we included these separate results. These restrictions resulted in the in-
clusion of eleven studies in the meta-analysis, with sixteen individual experimental results.

Effect sizes were computed from the descriptive statistics (means, standard deviations, and sample sizes) reported in the studies. We
use Hedges’ g, which is an adjustment to Cohen’s d to correct for the fact that Cohen’s d tends to overestimate the effect size in small
samples (<20) because many of our studies have relatively small sample sizes. Cohen’s d is defined as the difference between the mean
of the experimental group and the control group divided by the pooled standard deviation. We use the “meta” command in Stata
(StataCorp, 2021), using Hedges’ g and analytic weighting, and present the forest plot to compare effect sizes across studies. We also
conducted asymmetry tests for publication bias.

3. Results
3.1. Domains and training environments

The studies came from a variety of domains (see Table A1 in the Appendix), including medicine (twelve studies), emergency first
response and rescue (five studies), industrial operations and maintenance (three studies), aviation safety, biology, construction, en-
gineering, fire safety (two studies each), mathematics, public health, and road safety (one study each). The procedural skills to be
learned were also diverse, including surgical procedures and skills, airplane evacuation, laboratory equipment training, machinery
operation, first response and rescue operations, vehicle detailing and maintenance, and road safety, to mention a few. The vast ma-
jority incorporated training situations that are dangerous or expensive to replicate in real life, such as confined space rescue or
cadaveric surgery.

The virtual training environments included 360° video representations, serious games, and simulations, as was also reported in
previous reviews (Merchant et al., 2014; Wu et al., 2020). Importantly, only the latter two training environments incorporate inter-
activity, highlighted in the introduction as a key technological affordance of IVR. The majority of the IVR learning experiences (22
studies) were simulations. These simulations use learning environments that recreate real-life situations, as is often done in aviation,
medical, and military training (Gormley & Murphy, 2023). Indeed, simulation training in medicine makes up the largest common
group of procedural training interventions found in our systematic search of the literature. Seven used a serious game, or a game
designed with an educational purpose (Buttussi & Chittaro, 2018; Cakiroglu & Gokoglu, 2019b; S.-Y. Chen & Chien, 2022; Longo et al.,
2023; Lu et al., 2022; Luo et al., 2021; Szczurowski & Smith, 2018). Serious games typically incorporate a game plot with levels and
missions that must be accomplished and corresponding points to reward performance (Lavoue et al., 2019). Finally, four studies used
360° video with corresponding narration and information points for the IVR learning experience (Grab et al., 2023; Kushiro et al.,
2021; Pieterse et al., 2023; Queisner et al., 2022).

3.2. Types of study design

The reviewed papers include design and usability studies, which describe and evaluate an application through preliminary testing
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with target user groups; media comparisons, which test the influence of a medium on learning or another outcome as compared to a
different medium; and value-added studies, which measure the added benefit of adding an attribute or activity to a given medium as
compared to the medium without this addition (see Fig. 2). Our primary focus is media comparisons, as we are interested in the effects
of procedural training in IVR on learning outcomes as compared to traditional or less immersive environments. However, our
educational lens makes value-added studies that focus on specific pedagogical methods also of particular interest (Meyer et al., 2019).

The experimental designs of these studies vary greatly. Some studies compared IVR with traditional paper-based instruction, e-
learning, a smartphone application, simulator training, or a less immersive VR, such as a Google Cardboard low-cost HMD (see
Table A2 in the Appendix). Also, some used pre- and post-tests with control group design (PPC), while others used a single-group pre-
and post-tests design (SGPP) or only a post-test with control group design in an expert-novice comparison.

Design or usability studies made up the majority of the studies selected initially for review (ten studies, see Fig. 2). For example, Dong
et al. (2022) describe the development of an IVR application designed to teach students how to use cryoEM laboratory instruments.
They test their CryoVR application with experts to see to what extent it is realistic and instills a sense of presence. Emond et al. (2022)
present an IVR application to train emergency first responders in remote areas, describing the iterative design of the application with a
technical advisory group of subject matter experts.

Several medical applications involved usability studies of 360° video visits of hospitals or operating rooms to give residents an
immersive experience with situated and contextualized information before their first real-life work experiences (Pieterse et al., 2023;
Queisner et al., 2022; Snarby et al., 2019). Other medical applications illustrated healthcare procedures in an interactive way and got
user feedback on their perceptions of enhanced readiness, mental load, and motivation through a number of questionnaires (Ganni
et al., 2020; Tang et al., 2021). Two studies got user or expert feedback verbally (Luo et al., 2021; Szczurowski & Smith, 2018).

STUDY TYPE
Expert-novice
comparison
6%

Single-group pre-
test, post-test

Usability-design
15% ty g

study
31%

PPC media
comparison and
value-added
12%

PPC media
comparison
24%

Fig. 2. Types of studies included in the review.
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Several of these studies conducted an expert-novice comparison either as part of the usability study or as a single-group quasi-
experimental study. For example, Kushiro et al. (2021) compared the hazard utterances of expert and novice field overseers immersed
in a 360° video of a construction site. Longo et al. (2023) compared the fuzzy cognitive maps of expert and novice electric crane
operators on a virtual oil rig. Pérez-Escamirosa et al. (2022) tested a surgical skills application on experts and novices, comparing their
mental load and perceptions of learning.

Media comparison studies comparing IVR with a control group that experienced a less immersive environment were particularly
pertinent to the present review because we focus specifically on the effects of immersive procedural training on learning outcomes.
There were eight such studies, comprising 24% of our selected publications (see Fig. 2). For example, Lu et al. (2020, pp. 66-73)
present an IVR application designed to provide confined space rescue training, and compare it with a traditional e-lecture training
condition, measuring both knowledge gain and transfer using a quiz and a role-play in a real context with professional confined space
rescuers. Buttussi and Chittaro (2021) compare three media in their study focused on aviation safety and emergency exit procedures:
IVR-HMD, smartphone application, and printed materials. Lohre et al. (2020) present a surgical application, comparing IVR with video
training. Similarly, Logishetty et al. (2019) compare an IVR application for surgical training with traditional preparatory materials,
and test learning transfer with a surgical assessment of cadaveric surgery.

There were also a number of single-group studies, either using a pre-test post-test design (SGPP) or conducting a media comparison
within one group (exposure to one condition and then the other after a wash-out period). There were five SGPP studies, including two
focused on fire safety training, one with children (Cakiroglu & Gokoglu, 2019a) and one with college students (S.-Y. Chen & Chien,
2022). Each measured learning outcomes based on a realistic role-play situation after training. Two others examined industrial or
professional applications, testing knowledge gains within the IVR environment itself (Longo et al., 2019; Tai et al., 2022). A final
example looked at functional communication training in medicine with continued IVR training until mastery criterion were met (Clay
et al., 2021).

There were three single-group media comparison studies. One compared AR and VR with random assignment of the order of the test
conditions (Daling et al., 2020). Another incorporated a two-week wash-out period between conditions (Katz et al., 2020). The third
combined desktop and IVR conditions for all participants along with an expert-novice comparison of performance in the two different
conditions (Dhalmahapatra et al., 2021). These applications were in the domains of industrial manufacturing assembly, advanced
cardiac life support, and electric overhead crane operations, respectively. The first two focused on mental load, while the latter focused
on presence and system usability.

Two of the articles presented more than one study. De Lorenzis et al. (2023) conducted both a media comparison and value-added
research with their IVR application focused on energy audits in engineering training. In the media comparison, they compare the
application with traditional lab training. In the value-added study, they integrate a learning-by-teaching approach in both media
conditions to test its effect on knowledge gain and retention. Makransky et al. (2021) likewise include both a media comparison and a
value-added study. They compare IVR with a training video focused on forensic analysis of DNA in crime scene investigation. The
value-added study integrates an enactment phase outside of the IVR-HMD, where learners manipulated instruments used in the
procedure. Both of these pedagogical methods were based on generative learning theory (GLS).

Jung and Ahn (2018) and Schroeder et al. (2017) combined a media comparison and value-added research in the same experiment
in their studies. Jung and Ahn (2018) look at maritime safety and lifeboat launch procedures, testing a desktop condition and two
IVR-HMD conditions: one with a computer joystick and the other with wearable sensors. Schroeder et al. (2017) looked at a military
application training users to change an alternator in a military vehicle using a desktop condition and two IVR conditions, one
gesture-based and one voice-based.

The only study that looked at a value-added comparison alone was the experiment by Buttussi et al. (2020) that compared learning
of cardiopulmonary resuscitation (CPR) in IVR both using a physical mannequin and without, to test the added benefit of incorporating
haptic or tactile feedback in training.

3.3. Learning theories and objectives

Learning theories were explicitly evoked in only half (16) of the 33 studies (see Table A1l in the Appendix). This lack of explicit
guiding principles has been highlighted by other researchers (Chan et al., 2021; Radianti et al., 2020). General learning theories
presented as framing for the pedagogical design of the IVR applications included a behaviorist approach (Cakiroglu & Gokoglu, 2019a;
S.-Y. Chen & Chien, 2022; Clay et al., 2021; King et al., 2022), an experiential learning or ‘learning by doing’ approach (Dong et al.,
2022; Emond et al., 2022; Longo et al., 2019, 2023; Lu et al., 2022; Tang et al., 2021), an embodied learning approach (Dong et al.,
2022; Makransky et al., 2021; Queisner et al., 2022; Tai et al., 2022), a constructivist approach (Buttussi et al., 2020), and a situated
learning approach (Luo et al., 2021). Only two referred directly to the IVR learning theories of CTML or CAMIL as guiding their
pedagogical choices (Makransky et al., 2021; Tai et al., 2022). These broad theoretical frameworks typically justified the use of IVR as a
medium, rather than providing support for specific design choices.

Several studies directly referred to embodied cognition and embodied learning as driving the design of learning experiences and
evoked the role of embodied learning in optimizing the process of learning procedural knowledge (Dong et al., 2022; Makransky et al.,
2021; Queisner et al., 2022; Tai et al., 2022). For example, Makransky et al. (2021) argue for the inclusion of physical manipulation on
the basis that user-controlled, meaningful physical activity increases learning. They justify this choice using previous studies showing
that direct bodily manipulation and motor actions congruent with learning concepts enhance learning (Jang et al., 2017). They find
support for the importance of physical manipulation—or enactment—on learning outcomes, and particularly in the IVR condition
(Makransky et al., 2021). Dong et al. (2022) also attribute much of the benefit of IVR to the facilitation of creating ‘learning by doing’
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experiences where the physical body is engaged in actions that are congruent with the knowledge to be learned. They support their
argument with studies of language learning (Macedonia et al., 2011; Repetto et al., 2015) showing that gestures may help learning by
changing the neural pathways used to store and retrieve information. In contrast, Queisner et al. (2022) focus on embodied learning
cues in the form of realistic situational cues in the virtual environment and highlight the importance of the feeling of being physically
present in the real situation for deep learning.

Learning objectives and targeted competencies were often not explicitly described in the articles, although performance indicators
were frequently justified as mapping onto the learning or training objectives, and thus can be inferred. More broadly, learning ob-
jectives centred on procedural training, knowledge, or skills. However, only ten studies explicitly defined this term in a conceptual way
for the purposes of defining the learning objectives of the IVR application. Buttussi and Chittaro (2018) define procedural training as
teaching learners to memorize complex procedures, to analyze the contextual factors that affect their execution, and to update their
performance accordingly. Tang et al. (2021) describe procedural knowledge in the context of practical training, when learning
standardized procedures with many steps, which demand students to repetitively revise and practice. Likewise, King et al. (2022)
define it as the acquisition of steps in a mathematical questioning strategy.

Jung and Ahn (2018) divide procedural skills into two parts that both concern the execution of action sequences, including
technical (sensory motor) skills, such as the manipulation of equipment, and procedural knowledge of the correct sequence of steps
required for the task. Likewise, Longo et al. (2023)focus on procedural expertise on non-routine tasks, requiring “context-awareness
(knowledge about the current system state), technical knowledge (capability to execute the task efficiently and safely) and
decision-making skills (ability to understand which is the best task to execute to achieve the desired system state)” (p. 4). Dong et al.
(2022) focus on the knowledge of how to operate an instrument, while Makransky et al. (2021) describe it as the knowledge associate
with a physical skill of conducting a task.

Some studies defined more specific learning objectives. For example, in their First Responders training system, Emond et al. (2022)
detail four high-level training objectives and three specific learning goals that translate into actionable steps in the IVR environment. In
a training application for specialized biology laboratory equipment, Dong et al. (2022) detail three learning objectives: gaining fa-
miliarity with the sequence of steps required to use the equipment, reducing time needed training on real equipment, and showing
conceptual understanding of key errors and how to avoid or respond to them. These learning objectives can then be used to define
learning outcome measures.

3.4. Learning outcome measures

While most of the studies do not explicitly define procedural knowledge conceptually, they do define it implicitly in their mea-
surement of the learning outcomes. For example, procedural knowledge is measured as verbally recounting the steps in a procedure
(Johnson et al., 2022), performing or role-playing the situation (Lu et al., 2022), or describing how to apply the steps in a procedure to
a new situation (Makransky et al., 2021). These measures are based on the reporting or performance of the correct actions or tasks (in
the correct order) necessary to complete the targeted procedure. This may be quantified as the number of errors committed, the ac-
curacy of manipulations, or the time taken to successfully complete the task, for example (Mao et al., 2021). Procedural knowledge was
sometimes measured in a verbal or declarative manner, necessitating a verbalization of the tasks or procedures that were performed in
the immersive procedural training. However, in both cases they measure learners’ understanding of the practical methods, techniques,
and processes that should be applied (Matovu et al., 2022).

The most common evaluation method for these learning outcomes was oral or written knowledge tests in the form of interviews or
quizzes (eleven studies). These tests typically asked the participant to report the steps in a procedure. In contrast, some studies scored
task performance either in an evaluation mode in IVR (seven studies) or on real-life tasks or role-plays (eight studies). For example,
participants in the fire safety studies role-played a real fire situation with professional firefighters (S.-Y. Chen & Chien, 2022). Several
studies combined more than one type of learning outcome measure (four studies), using both tests and role-plays. Most studies pro-
vided multiple measures of a learning outcome of a procedure, such as the number of correct steps, incorrect steps, and out-of-order
steps (Buttussi & Chittaro, 2021). The time it took to complete the task was also a common measure in evaluation modes and
role-plays, as well as the quality of the task performance on an accepted evaluation scale, particularly for surgical applications
(Logishetty et al., 2019).

These different measures can be defined and categorized into measures of knowledge gain, retention, and transfer (see Table Al
and A2 in the Appendix). Knowledge gain (KG) is typically measured as a change score from a pre-test to a post-test immediately after
training. Nineteen studies focused at least one of their learning outcomes on KG. Knowledge retention (KR) is a post-test score after a
variable time-period delay, for example, after two weeks, to see to what extent learning has successfully been incorporated into long-
term memory. Five studies looked at KR. Finally, knowledge transfer (KT) is the “process by which knowledge acquired in a particular
context is retrieved and applied in another” (Ganier et al., 2014, p. 828). Eight studies measured KT learning outcomes. It is typically
considered a very strong indicator of the quality of learning. This is a key measure of learning outcomes in immersive procedural
training, as the ultimate goal is not for learners to perform well in IVR or on a test, but rather to use these skills in real-world situations.
KT was most often measured for surgical applications, where performance on a simulator or cadaveric surgery after IVR training was
common (Shah et al., 2022).

3.5. Meta-analysis of learning outcomes

In order to test our research question concerning the effect of immersive procedural training on learning outcomes, we further
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limited our selection of studies to those who report quantitative results in a pre-test post-test with control group (PPC) experimental
design. Thirteen publications present sixteen individual studies that provide quantitative results from a between-subjects design with a
control group on measures of knowledge gain, retention, or transfer outside of the IVR application. Three studies presented results for
both KG and KR, and so were included for each subset. Several studies did not present the descriptive statistics necessary for a meta-
analysis. In these cases, the authors of the studies were contacted via email to request the information needed. Two studies were
excluded from the analysis because we could not access complete descriptive statistics for the relevant outcomes in the publication.

First, we compare results on KG, KR, or KT from media comparison studies only (see Table A2 in the Appendix for the studies
included). We compare IVR treatment groups with the type of control group that most closely approximates a regular desktop learning
environment, which was the most common control group, from each relevant study. In doing so, we necessarily mix types of control
groups in the same meta-analysis, including video, smartphone, desktop VR, and regular lab teaching comparison groups. In the
sixteen sets of results included in the meta-analysis, we find a positive overall effect size (theta) when comparing IVR with less
immersive learning conditions: Hedge’s g = 0.58, indicating a medium positive effect of IVR as compared to controls on learning
outcomes (see Fig. 3).

The Q test of homogeneity indicates that not all the studies have a common effect size. The measures of heterogeneity, tau squared
and H2, show that there is heterogeneity in the data. The I? statistic presents the proportion of the observed variability in effect sizes
that captures the true score variance, or real differences in effect size. We see that this is high, at 89%. For this reason, asymmetry and
small-study tests of publication bias are likely not appropriate for use in this meta-analysis (loannidis & Trikalinos, 2007). While we
find that several of these tests were significant for asymmetry, we cannot interpret these results with certainty because an asymmetrical
funnel plot may be due to study heterogeneity rather than publication bias (loannidis & Trikalinos, 2007).

To begin investigating this heterogeneity, we examined several different potential moderating variables. A subgroup analysis by
type of learning measure (knowledge gain [KG], knowledge retention [KR], or knowledge transfer [KT]) shows significant differences
in theta between groups, with a significant test of group differences (chi2 = 8.75, p < 0.05). Learning outcomes are most positive for
knowledge transfer measures, with a large ES of Hedge’s g = 1.80 (see Fig. 4). They are not significant for knowledge gain or
knowledge retention. However, caution is warranted, as the knowledge transfer group includes only four studies. Indeed, a notable
constraint in our exploration of moderating variables was the small number of studies eligible for inclusion in the meta-analysis.

4. Discussion and conclusions
In our systematic review and meta-analysis, we examined immersive procedural training interventions using HMD-IVR. We

described study domains and virtual environments, learning theories, learning outcomes, and evaluation methods. We also conducted
a meta-analysis on whether immersive procedural training improves learners’ procedural knowledge as compared to traditional

Treatment Control Hedges's g Weight
Study N Mean SD N Mean SD with 95% ClI (%)
(Buttussi & Chittaro, 2021) 24 2458 524 24 2775 339 - -0.71[-1.28, -0.13] 6.55
(Buttussi & Chittaro, 2021) 24 2588 4.05 24 2779 292 - -0.53[-1.10, 0.03] 6.57
(Jung & Ahn, 2018) 16 6.88 199 16 7.71 143 —- -0.47[-1.15, 0.22] 6.27
(Buttussi & Chittaro, 2018) 32 763 1.16 32 769 1.16 = -0.05[-0.54, 0.43] 6.76
(Buttussi & Chittaro, 2018) 32 772 128 32 769 128 . B 0.02[-0.46, 0.51] 6.76
(Makransky et al., 2021; Exp 1) 64 10.47 279 67 10.07 2.58 B 0.15[-0.19, 0.49] 7.04
(Makransky et al., 2021; Exp2) 41 876 462 43 7.4 507 - 0.28[-0.15, 0.70] 6.88
(Schroeder et al., 2017) 25 17.42 447 25 1516 6.2 - 0.41[-0.14, 0.96] 6.61
(Grab et al., 2023) 31 87.98 8.15 34 8346 826 . N 0.54[ 0.05, 1.03] 6.75
(Jung & Ahn, 2018) 16 1175 169 16 938 272 —— 1.02[ 0.30, 1.74] 6.18
(De Lorenzis et al., 2023) 12 6.91 1.9 12 464 223 —— 1.06[ 0.23, 1.89] 5.88
(King et al., 2022) 15 88 22.62 15 63.33 22.64 —- 1.06[ 0.31, 1.81] 6.11
(Lu et al., 2022) 11 8.7 6 11 7 2 —— 1.11[ 0.24, 1.98] 576
(King et al., 2022) 15 83.33 244 15 5467 1598 —— 1.35[ 0.58, 2.13] 6.02
(Lohre et al., 2020) 9 1569 25 9 94 32 —i— 2.16[ 1.03, 3.28] 5.03
(Logishetty et al., 2019) 12 22 3 12 12 3 —ll— 322[ 202, 441] 484
Overall <> 0.58[ 0.13, 1.03]

Heterogeneity: 1° = 0.72, I’ = 88.98%, H’ = 9.08
Test of 8 = 6; Q(15) = 84.86, p = 0.00
Testof 8=0:z=2.52, p=0.01
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Fig. 3. Meta-analysis forest plot using Hedge’s g effect size.
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Treatment Control Hedges's g Weight

Study N Mean SD N Mean SD with 95% ClI (%)
Knowledge gain (KG)

(Buttussi & Chittaro, 2021) 24 2588 4.05 24 27.79 2092 - -0.563[-1.10, 0.03] 6.57
(Jung & Ahn, 2018) 16 6.88 199 16 771 143 —- -0.47[-1.15, 0.22] 6.27
(Buttussi & Chittaro, 2018) 32 772 128 32 769 128 . = 0.02[-0.46, 0.51] 6.76
(Makransky et al., 2021, Exp 1) 64 1047 279 67 10.07 2.58 ] 0.15[-0.19, 0.49] 7.04
(Makransky et al., 2021; Exp2) 41 876 4.62 43 74 507 E 3 0.28[-0.15, 0.70] 6.88
(Schroeder et al., 2017) 25 17.42 447 25 15.16 6.2 - 0.41[-0.14, 0.96] 6.61
(Grab et al., 2023) 31 8798 815 34 83.46 826 E B 0.54[ 0.05, 1.03] 6.75
(De Lorenzis et al., 2023) 12 6.91 19 12 464 223 —— 1.06[ 0.23, 1.89] 5.88
(King et al., 2022) 16 88 2262 15 63.33 22.64 —— 1.06[ 0.31, 1.81] 6.11
Heterogeneity: 7° = 0.16, I’ = 69.47%, H = 3.28 0.25[-0.08, 0.57]

Test of 8 =6; Q(8) =22.45, p=0.00
Testof 6=0:z=1.50,p=0.13

Knowledge retention (KR)

(Buttussi & Chittaro, 2021) 24 2458 524 24 2775 339 - -0.71[-1.28, -0.13] 6.55
(Buttussi & Chittaro, 2018) 32 763 116 32 769 1.16 e -0.05[-0.54, 0.43] 6.76
(King et al., 2022) 15 8333 244 15 5467 15.98 - 135[ 0.58, 2.13] 6.02
Heterogeneity: 1° = 0.95, I = 91.08%, H’ = 11.21 0.17[-0.99, 1.33]

Testof 8 =6; Q(2) =17.52, p=0.00
Testof 6=0:z2=0.29, p=0.77

Knowledge transfer (KT)

(Jung & Ahn, 2018) 16 1175 169 16 938 272 = 1.02[ 0.30, 1.74] 6.18
(Lu et al.,, 2022) 11 87 6 11 7 2 —— 111[ 024, 1.98] 576
(Lohre et al., 2020) 9 159 25 9 94 32 —ii— 2.16[ 1.03, 3.28] 5.03
(Logishetty et al., 2019) 12 22 312 12 3 —— 322[ 202, 441] 484
Heterogeneity: 12 = 0.76, I’ = 76.51%, H* = 4.26 1.80[ 0.81, 2.78]

Test of 8 =6; Q(3)=11.68, p=0.01
Testof 6=0:z=23.58, p=0.00

Overall <> 0.58[ 0.13, 1.03]
Heterogeneity: 7° = 0.72, I’ = 88.98%, H’ = 9.08

Test of 8 = 6; Q(15) = 84.86, p = 0.00

Testof 6=0:z2=252, p=0.01

Test of group differences: Q,(2) = 8.75, p = 0.01

Random-effects REML model

Fig. 4. Meta-analysis forest plot by type of procedural learning outcome.

environments. Most of the studies were design or usability studies rather than experimental studies measuring and comparing learning
outcomes. Of those which were experimental studies, the majority were media comparisons between HMD-IVR conditions and less
immersive technologies. We found that common domain was that of medicine, and most training environments were simulations of
real-life situations where procedural knowledge was to be applied, such as a surgery, assembly of parts, or worksite tasks.

4.1. Pedagogical design of IVR training

In our introduction, we highlighted that IVR has been shown to be an effective medium for training, offering opportunities for
learners to engage in generative processing. However, it also potentially distracts learners by necessitating extraneous processing of
large amounts of information (Mayer et al., 2023). One problem underscored in the research was that studies tend to focus on
technological features rather than pedagogical features (Won et al., 2023) and that user experience was studied more often than
learning outcomes (Wu et al., 2020). This is problematic, as there is some evidence that IVR influences perceptions of learning more
than actual learning performance (Makransky et al., 2019). Furthermore, studies examining learning transfer as opposed to evaluation
modes incorporated directly within the IVR training environment have highlighted the need to avoid “getting good at the game” effects
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on learning outcomes (Parong & Mayer, 2018). This occurs when learners improve their skills at interacting with the IVR training
environment rather than their procedural knowledge, which may inflate learning outcomes.

Prior reviews emphasized that a variety of pedagogical approaches have been employed in IVR (Johnston et al., 2018), each relying
on different theoretical approaches, but several authors found that constructivist approaches are most common (Concannon et al.,
2019). Our study supports this conclusion. However, learning theories were most often not overtly discussed in the studies, as was also
found in other previous reviews (Hamilton et al., 2021; Kaplan et al., 2021), and only half of the studies framed their IVR application
using a cited learning theory.

Some important exceptions include the studies conducted by De Lorenzis et al. (2023) and Makransky et al. (2021), which
implement value-added research based specifically on pedagogical interventions. Both use generative learning strategies (GLS), as
defined by the Cognitive Theory of Multimedia Learning (Fiorella & Mayer, 2021; Mayer, 2009). According to Fiorella and Mayer
(2016), “learning by enacting is [...] consistent with generative learning theory, as it helps learners use their prior knowledge to
connect abstract concepts to concrete objects and actions, thereby enabling them to construct a more meaningful mental represen-
tation of the material” (p. 730). The first tested a “learning-by-teaching” approach combined with IVR, while the second used
enactment with physical props. Both found particular benefits for IVR combined with these GLS, showing that the inclusion of
theoretically driven design elements can maximize technological affordances. These types of approaches offer important advances in
the field, which are needed to guide application development and best practices (Jensen & Konradsen, 2018; Radianti et al., 2020).

Embodied learning theory deserves special attention in this respect. One study demonstrated empirically that the inclusion of
enactment is beneficial to make full use of the technological affordance of interactions in the IVR environment and to improve learning
outcomes (Makransky et al., 2021). These findings are also supported by the medical simulation studies using HMDs, which incor-
porated interactivity as physical gestures, even though not described explicitly as embodied learning, and reported some of the largest
effect sizes. As argued in the literature, IVR hand controllers allowing natural movement that is both meaningful and congruent with
the content to be learned may provide important learning benefits (Johnson-Glenberg, 2018). This advantage is likely even larger for
training in procedural tasks, where movements are vital components of the tasks to be learned. Thus, the effects of IVR on learning may
be enhanced by incorporating theoretically based pedagogical elements that reinforce the technological affordances of the medium.

4.2. Efficacy of immersive procedural training

We analyzed sixteen experimental results in our meta-analysis and found a significant positive effect of immersive procedural
training as compared to less immersive technologies. This effect was particularly large for those studies that looked at knowledge
transfer. These findings support those of existing meta-analyses and underscore the potential of IVR to enhance learning outcomes as
compared to less immersive media. For example, when looking at all types of learning outcomes more generally, Wu et al. (2020) found
a small positive ES of g = 0.24 and Coban et al. (2022) found a small positive ES of g = 0.38. Our larger ES of g = 0.58 confirms the
hypothesis posed in several previous reviews that procedural skills respond particularly well to this type of training (Coban et al., 2022;
Hamilton et al., 2021). Our encouraging results for procedural skills specifically support these suggestions that had yet to be estab-
lished empirically. However, due to divergences in study design, pedagogical interventions, and learning outcome measures, some
caution is warranted when generalizing these findings to other IVR applications.

4.3. Limitations and recommendations for future research

It is not easy to untangle the separate effects of media and method in our systematic review and meta-analysis. Indeed, the
pedagogical methods used in the IVR applications are difficult to uncover from the often-limited descriptions in the articles, and likely
differ strongly from one IVR application to the next. While several example images and a general description were often included, most
did not explain the plot of the simulation or game in detail, although there were some important exceptions (for example, Buttussi &
Chittaro, 2018). This heterogeneity was evident also in the meta-analytic results, where we were only able to use a subset of the
studies, as several studies did not report empirical results including a control group or did not report complete descriptive statistics
corresponding to their results. Furthermore, a number of different types of technological alternatives were included in the control
groups, which prevented us from employing asymmetry tests for publication bias. Our results thus comprise a diversity of techno-
logical and pedagogical approaches. This highlights both the challenges and the richness of the field: the diversity of approaches and
contexts show that IVR can be used successfully in a variety of domains, but the elements that distinguish a successful IVR application
for procedural training remain difficult to pinpoint.

One attribute that we highlighted above is the use of enactment or gesture as an opportunity for embodied learning. The one study
specifically testing this feature across non-immersive and IVR conditions, as well as other applications that compared voice versus
gesture control of interactions (Jung & Ahn, 2018; Schroeder et al., 2017), suggests that this might play an important role in the
learning outcomes of immersive procedural training. Thus, the interactivity offered by IVR applications, particularly in simulations
that incorporate congruent, user-controlled physical gestures, appears to offer important opportunities for enhanced learning as
compared to existing desktop e-learning environments.

These findings indicate that immersive procedural training may benefit from situated and embodied learning theories (for example,
see Chaker et al., 2021) because pedagogical situations that mobilize the use of the physical body to perform the activity take
advantage of embodied cognition to enhance learning (Johnson-Glenberg, 2018). This also helps to explain the comparatively ad-
vantageous results reported for procedural learning outcomes as opposed to theoretical or declarative learning outcomes, which may
be due to an enhanced role played by embodied cognition in memory processes. Indeed, overall, our systematic review and
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meta-analysis of the literature on immersive procedural training suggests that it may be more effective than less immersive tech-
nologies and that this may be due to the opportunities for embodied cognition offered by the interactivity of the medium.
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Appendix A. Studies included in the review

The 33 publications included in the systematic literature review and the 11 studies included in the meta-analysis are listed in

Tables A1 and A2 below.

1.1. Studies included in the literature review

Buttussi and Chittaro
(2018)

Cakiroglu and Gokoglu
(2019a)

(S.-Y. Chen & Chien,
2022)

Clay et al. (2021)

Daling et al. (2020)

De Lorenzis et al.
(2023)

Dhalmahapatra et al.
(2021)

Dong et al. (2022)

Emond et al. (2022)

Ganni et al. (2020)

Grab et al. (2023)

Aviation safety
procedures
Fire safety procedures

Fire safety procedures

Functional

communication training

Manual assembly
procedures

Energy audit procedures

Crane operator
procedures

Laboratory instrument
procedures

First responder
procedures

Surgical procedures
(doctor)

Surgical procedures
(patient)

PPC media
comparison

SGPP

SGPP

SGPP

SG media comparison
PPC media
comparison and
value-added

SG media comparison
Usability study
Usability study

Usability study

PPC media
comparison

KG: Describe steps in procedure; KR:
Same test

KT: Behaviours in imitation fire
situation

KT: Role play of fire situation

KG: Evaluation mode in VR

None

KG: Order steps of procedure; KG:
Illustrate connections; & KR: Same
test

KG: # of hazards identified

None

None

None

KG: Knowledge of procedure

Table Al
Studies meeting the selection criteria.
Topic Study type Learning outcomes Findings
Reference
Buttussi and Chittaro Aviation safety PPC media KG: Describe steps in procedure; KR: IVR better than printed cards, no
(2021) procedures comparison Same test difference with smartphone
Buttussi et al. (2020) Emergency CPR PPC value-added KG: Describe steps in procedure & KT: ~ No significant differences in
procedures Perform CPR on mannequin procedures (only pressure-related

errors)
No significant differences

6 of 10 children correctly followed
procedures

Positive change in fire safety
knowledge

Positive change in correct steps

NA

IVR better than traditional; Learning-
by-teaching better than without

IVR better than desktop
NA
NA
NA

IVR better than printed and 3D
models

(continued on next page)
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Reference

Topic

Study type

Learning outcomes

Findings

Jung and Ahn (2018)

Katz et al. (2020)

Lifeboat launching
procedures

Cardiac life support

PPC media
comparison and
value-added

SG media comparison

KG: Describe steps in procedure; KT:
Describe how to use equipment
(technical)

KG: Describe steps in procedure

procedures
King et al. (2022) Mathematical PPC media KG: Role play of procedure; KR: Same
questioning procedure comparison test
Kushiro et al. (2021) Field overseers Usability study KG: # of hazards identified
procedures
Logishetty etal. (2019)  Surgical procedures PPC media KT: Cadaveric surgery assessment
comparison
Lohre et al. (2020) Surgical procedures PPC media KT: Cadaveric surgery assessment
comparison
Longo et al. (2023) Crane operator Expert-novice KG: Evaluation mode in VR
procedures comparison
Longo et al. (2019) Industrial emergency SGPP KG: Evaluation mode in VR
response procedures
Lu et al. (2022) Confined space rescue PPC media KG: Describe steps in procedure; KT:
procedures comparison Role play of procedure
Luo et al. (2021) Public health emergency Usability study None
procedures
Makransky et al. Forensic DNA procedures ~ PPC media KG: Describe steps in procedure; KG:

(2021)

Pérez-Escamirosa et al.

Surgical procedures

comparison and
value-added
Expert-novice

Apply procedures verbally to a new
situation
KG: Evaluation mode in VR

No difference in procedures; IVR
better for technical skill

No difference

IVR better than didactic instruction
Positive change in # identified

IVR better than conventional
preparation

IVR better than video instruction
Experts showed better performance
Positive change in performance
IVR better than e-lecture learning
NA

No difference between IVR and video;
but significant interaction with

enactment
Experts showed better performance

(2022) comparison
Pieterse et al. (2023) Hospital rounds Usability study None NA
procedures
Queisner et al. (2022) Surgical procedure Usability study None NA
Schroeder et al. (2017)  Military vehicle PPC media KG: Describe steps in procedure No significant differences between
maintenance procedure comparison IVR and desktop
Shah et al. (2022) Surgical procedures PPC media KG: Quiz on procedures; KT: medical No difference between IVR and
comparison simulator Google Cardboard
Snarby et al. (2019) Surgical procedures Usability study None NA
Szczurowski and Smith ~ Road safety skills Usability study None NA
(2018)
Tai et al. (2022) Car detailing procedures SGPP KG Evaluation mode in VR; KR: Same  Improvement and retention
test
Tang et al. (2021) Type and screen medical Usability study None Perceived enhanced readiness

procedures

Note: In this table, SG refers to “single group” and not “serious game.” SGPP indicates “single-group pre-test post-test” study design, while PPC in-
dicates “pre-test post-test with control group” study design. KG denotes “knowledge gain,” KR denotes “knowledge retention,” and KT denotes

“knowledge transfer” learning outcome measures.

1.2. Studies included in the meta-analysis

Table A2

PPC media comparison studies included in the meta-analysis.

Learning measure Control group Studyn  Effect size

Reference

Buttussi and Chittaro (2021) ~ KG: Describe steps in procedure; KR: Same test Smartphone 72 ns
Buttussi and Chittaro (2018)  KG: Describe steps in procedure; KR: Same test Desktop 96 ns
De Lorenzis et al. (2023) KG: Order steps of procedure; KG: Illustrate connections; & KR: Same test Lab class 36 +
Grab et al. (2023) KG: Knowledge of procedure 3-D physical model 99 +
Jung and Ahn (2018) KG: Describe steps in procedure; KT: Describe how to use equipment (technical) Desktop 64 ns/+
King et al. (2022) KG: VR role play of procedure; KR: Same test Regular instruction 30 +
Logishetty et al. (2019) KT: Cadaveric surgery assessment E-lecture 24 +
Lohre et al. (2020) KT: Cadaveric surgery assessment Video 18 +
Lu et al. (2022) KG: Describe steps in procedure; KT: Real-life role play of procedure E-lecture 22 +
Makransky et al. (2021) KG: Describe steps in procedure; KG: Apply procedures verbally to a new situation ~ Video 131 ns
Schroeder et al. (2017) KG: Describe steps in procedure Desktop 75 ns

Note: In this table, KG denotes “knowledge gain,” KR denotes “knowledge retention,” and KT denotes “knowledge transfer” learning outcome
measures. For the effect size, “ns” refers to “not significant” and “+” to a significant positive effect (there were no studies with significant negative

effects).
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