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A B S T R A C T

Immersive virtual reality, and especially virtual field trips, can spark learners’ interest and promote the learning 
of STEM content. However, immersive virtual reality can also increase visual and navigational demands, which 
may elevate cognitive load and complicate the use of conventional study strategies. To overcome these chal
lenges, research is needed to determine which instructional support measures make learning in VR more 
effective. Among support methods that may be suitable for VR in STEM education are annotations (i.e., labeling 
of important terms) and quizzes (i.e., self-assessment through questions). We conducted an experiment with N =
126 10th graders in a school setting. Participants engaged in a science learning environment with explanatory 
figures and auditory explanations. The experiment used a 2 × 2 factorial approach, with annotations and quizzes 
as the two instructional support conditions. We used a recall and a comprehension knowledge test, a cognitive 
load scale, and a simulation sickness survey as instruments. Annotations enhanced only recall knowledge, 
indicating that they can promote lower cognitive knowledge levels. Quizzes, on the other hand, did not impact 
the learning of either type of knowledge. We also investigated the extent to which annotations and quizzes affect 
the feeling of presence and different facets of cognitive load. Quizzes reduced the feeling of presence significantly 
while neither annotations nor quizzes impacted cognitive load. However, our results indicate strong effects of 
covariates respectively cyber sickness and prior knowledge. These suggest that the underlying learning processes 
and side effects of framing conditions have to be further analyzed in detail.

1. Introduction

Virtual reality (VR), including desktop-based VR and CAVE systems, 
has been a part of computer science research for several decades 
(Muhanna, 2015). However, it is only since the late 2010s, when 
immersive VR (IVR) with head-mounted displays (HMDs) became more 
accessible, that this topic has attracted increasing attention in the 
educational sector. One strand of educational VR research focuses on 
key factors, such as presence, influencing learning processes (e.g., 
Makransky & Lilleholt, 2018). Another strand of research conducts 
media comparisons, such as juxtaposing learning with HMDs with 
learning in desktop-based VR (e.g., Parong & Mayer, 2021). A third 
strand of research emerged a few years later, investigating support 
measures, such as signaling annotations embedded in IVR, to enhance 
learning (e.g., Albus et al., 2021). Many studies on these issues were 
conducted in highly standardized laboratory environments; therefore, 

there remains a need to examine IVR under authentic classroom con
ditions. Our study primarily aligns with the third-mentioned strand of 
research and examines the impact of support methods on learning in IVR 
within a virtual field trip (VFT) designed for an integrated Science, 
Technology, Engineering, and Mathematics (STEM) school unit focusing 
on content from physics, biology, and chemistry.

2. Theoretical background

Integrated STEM education refers to combining complex content in 
interdisciplinary units, establishing relationships between content from 
different subjects, and focusing on real-world problems (Thibaut et al., 
2018). Technology is often utilized in integrated STEM education to 
teach content in a motivating and engaging manner. One didactic 
method commonly applied for this is the VFT, defined as “a journey 
taken without actually making a trip to the site” (Woerner, 1999, p. 5). 
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VFTs can convey complex processes and concepts using a digital guide or 
narrator, as well as didactic materials such as figures and exercises. VFTs 
make remote, inaccessible, or dangerous places and facilities accessible 
(Stainfield et al., 2000) and can authentically depict these places, for 
instance when enriched with 360-degree videos (Eisenlauer & Sosa, 
2022). Whether presented on desktop-based, mobile, or HMD devices, 
participants can learn in VFTs in a situated, highly contextualized 
environment (Klippel et al., 2020). Along with these benefits, empirical 
studies also indicate the effectiveness of VFTs presented with HMDs 
(immersive virtual field trips; IVFTs). Such IVFTs can increase learners' 
interest and promote the learning of STEM content (Fink et al., 2023; 
Makransky, Petersen, et al., 2020).

2.1. IVFTs in the context of CTML

IVFTs may integrate verbal and pictorial information into a learning 
environment and thereby create conditions that reflect the assumptions 
of the Cognitive Theory of Multimedia Learning (CTML, Mayer, 2014). 
CTML assumes that learning with words and images involves two pro
cessing channels, verbal and pictorial, which operate in sensory mem
ory. Relevant stimuli are selected and transferred to working memory, 
where organizational processes create coherent verbal and visual rep
resentations. Integration processes then combine these representations 
into an overall mental model, supported by the retrieval of related 
knowledge from long-term memory (Mayer, 2014).

In IVFTs, these processes may occur when verbal explanations and 
pictorial information are presented simultaneously, as described in 
CTML (Mayer, 2014). Learners select relevant auditory and visual ele
ments, organize them into coherent representations, and integrate them 
into a unified mental model. IVFTs therefore reflect CTML's assumption 
that learning improves when verbal and pictorial input are processed 
together, facilitating the construction of multiple interconnected rep
resentations. CTML is particularly relevant for IVFTs because these en
vironments rely on the simultaneous presentation of verbal and pictorial 
information, which directly corresponds to the dual-channel assumption 
of multimedia learning. However, the immersive presentation format 
introduces spatial and attentional characteristics that extend beyond the 
two-dimensional multimedia setting originally considered by Mayer 
(2014).

There is substantial empirical support for CTML and its underlying 
assumptions, including the multimedia effect (Alpizar et al., 2020; Hu 
et al., 2021; Xie et al., 2015). The multimedia effect states that people 
learn more effectively through a combination of spoken explanations 
and visuals than by reading comparable text-only materials (Mayer, 
2003; Schweppe et al., 2015). Within IVFTs, this principle would be 
reflected when learners process verbal explanations together with visual 
information. Following CTML, such dual presentation promotes the 
creation of multiple representations, that can be more efficiently stored 
and integrated more efficiently in long-term memory (Mayer, 2014).

Explanatory figures and other visual elements used in IVFTs, such as 
images, videos, and animations, accompanied by audio or text expla
nations, represent direct applications of the multimedia principle. Such 
components have been successfully used in STEM subjects such as 
biology and chemistry, to illustrate complex content (Reid, 1990; Souza 
& Porto, 2012). Consequently, IVFTs provide immersive multimedia 
environments in which the central processes described by CTML are 
applied. Thus, explanatory figures are likely to enhance learners' out
comes in STEM IVFTs, consistent with CTML assumptions.

2.2. Cognitive load in VR learning environments

However, when explanatory figures are presented within a 360◦

IVFT, the extensive visual field and spatial complexity may affect the 
cognitive processing demands and thereby affect learners' cognitive 
load. Cognitive load theory posits that learning is driven by the demands 
of the learning material and environment on humans' limited working 

memory capacity (Sweller et al., 1998). Three types of cognitive load are 
distinguished. Intrinsic load is mainly determined by the number of items 
to be learned, their difficulty and interactivity, and the learner's amount 
of prior knowledge. Extraneous load arises from instructional design 
decisions irrelevant to learning, such as user navigation. Germane load is 
created when learning-related processes occur, like understanding ma
terial and generating representations (Sweller et al., 1998).

Several studies have investigated cognitive load in IVR with HMDs. A 
meta-analysis found that, in most comparisons with desktop-based VR, 
total and extraneous cognitive load were higher in IVR with HMDs 
(Poupard et al., 2025). Several studies, which sampled university and 
school students, confirmed that total cognitive load and extraneous load 
are negatively associated with learning outcome, including recall and 
comprehension (Albus et al., 2021; Andersen & Makransky, 2020; 
Schrader & Bastiaens, 2012).

2.3. Presence in VR learning environments

The Cognitive Affective Model of Immersive Learning (CAMIL) 
framework (Makransky & Petersen, 2021) attributes presence to influ
ence cognitive load in IVR, especially extraneous cognitive load. Pres
ence is “the subjective experience of being in one place or environment, 
even when one is physically situated in another” (Witmer & Singer, 
1998, p. 225). It is a central concept in VR-based learning and is often 
used as a dependent or control variable in research (Coban et al., 2022; 
Cummings & Bailenson, 2016). Whitin the CAMIL framework 
(Makransky & Petersen, 2021), presence is conceptualized as an 
affordance that supports effective learning in immersive environments. 
Three main factors shape the level of presence: immersion, referring to 
objective system features such as the display resolution of HMDs 
(Cummings & Bailenson, 2016); control factors, which describe the 
possibilities for navigation, interaction, and immediate feedback 
(Witmer & Singer, 1998); and representational fidelity, which refers to 
the perceived realism and authenticity of digital environments, 
(Dalgarno & Lee, 2010). Makransky and Petersen (2021, p. 946) 
describe an effect of presence on extraneous cognitive load that stems 
from the visual field. According to their line of argumentation, a larger 
visual field that may constitute the perception of presence, e.g. when 
comparing IVR with desktop VR, may result in a higher extraneous 
cognitive load, because learners may need more cognitive resources to 
find relevant content. Thus, considering the negative effect of extra
neous cognitive load on learning (Sweller et al., 1998), presence may 
also negatively affect learning outcomes through its impact on cognitive 
load.

Empirical findings on the relationship between presence and 
learning remain mixed. Krassmann et al. (2023) identified studies 
reporting positive associations, for instance between presence and psy
chomotor learning outcomes (e.g., Stevens & Kincaid, 2015), as well as 
studies reporting negative relations for cognitive outcomes (Huang 
et al., 2020). Presence can also be affected by contextual and procedural 
factors. For example, Frommel et al. (2015) showed that embedding 
survey questions implicitly in a virtual environment resulted in higher 
levels of presence than presenting them explicitly.

2.4. Cyber sickness in VR learning environments

Presence requires a certain level of physical well-being to be sus
tained during immersive experiences, as higher levels of cyber sickness 
have been found to reduce presence (Venkatakrishnan et al., 2020). 
Cyber sickness refers to a form of motion sickness induced by exposure 
to immersive technologies and includes symptoms such as nausea, 
disorientation, and headaches (Kennedy et al., 1993). It has been shown 
to impair cognitive task performance (Weech et al., 2019) and, more 
specifically, to reduce the recall of factual knowledge in VR-based 
learning (Polcar & Horejsi, 2015).

Research further suggests that higher levels of cyber sickness are 
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associated with increased cognitive load-related variables (Park, 2020; 
Sepich et al., 2022) and a decreased sense of presence (Venkatakrishnan 
et al., 2020). These findings suggest that cyber sickness not only affects 
learners’ comfort but can also interfere with key cognitive and experi
ential processes in immersive learning environments.

Individual differences also contribute to the experience of cyber 
sickness. Several studies have found that female participants report 
higher symptom levels than male participants (Kelly et al., 2023; Mac
Arthur et al., 2021), although a meta-analysis concluded that this dif
ference is relatively small (Howard & Van Zandt, 2021). Possible 
explanations include inter-pupillary distance (IPD) mismatches between 
female users and head-mounted displays (Stanney et al., 2020), greater 
prior gaming or VR experience and usage among men, which may lower 
susceptibility (Kourtesis et al., 2024). Moreover, symptom severity has 
been shown to increase with longer exposure durations in VR (Stanney 
et al., 2020).

3. Facilitating learning in VR by different scaffolds

IVFTs may provide learners with unique and engaging experiences 
but also impose specific challenges related to cognitive processing. 
Therefore, appropriate instructional support is required to help learners 
manage cognitive load, direct attention, and integrate information 
effectively.

Media comparison studies suggest that traditional methods, such as 
direct instruction and computer-based learning, often perform better 
than IVR for conveying declarative knowledge (Makransky et al., 2019; 
Parong & Mayer, 2018). One reason for this finding may be that learning 
in IVR can be associated with increased cognitive load (Makransky et al., 
2019). Another reason could be that IVR makes it challenging to apply 
conventional study strategies, such as self-testing (Hartwig & Dunlosky, 
2012). Scaffolding, defined as embedding appropriate support methods 
within a (computer-based) learning environment (Belland, 2014), can 
make learning in VR more effective and overcome problems in 
conveying knowledge and complex skills (Chernikova et al., 2020; 
Schneider et al., 2018). In IVR, annotations and quizzes could be 
promising scaffolding methods to promote learning.

3.1. Signaling and annotations as scaffolds in IVR

The signaling effect states that people learn more effectively from 
materials when the relevant entities or connections between them are 
explicitly identified (Beege et al., 2021). This effect is also known as the 
cuing principle, and it encompasses several different signals and cues 
(Schneider et al., 2018). Prominent examples include color coding, 
spotlights, and text labels that can be added to enhance the learning of 
texts and figures (Schneider et al., 2018). Overall, such signals have 
shown medium positive effects on recall performance, with stronger 
effects observed when embedded in texts than in figures, in which sig
nals were also effective (Schneider et al., 2018). A specific type of signal 
are annotations, which are cues similar to text labels that occur in a 
spatiotemporal contingency with the narration (Albus et al., 2021). The 
learning mechanisms behind the positive effect of annotations and other 
signals require further clarification. It is hypothesized that annotations 
reduce cognitive load, guide attention by signaling relevance, or help 
the integration and organization processes of content in the working 
memory (Mayer, 2014; Schneider et al., 2018).

Several studies have examined the effect of annotations and similar 
cues in IVR with HMDs. For example, Albus et al. (2021) compared a 
group learning with annotations to a control group without annotations 
in an IVR science learning environment, focusing on seawater desali
nation. They used a sample of 107 eighth-to tenth-grade students. An
notations improved recall but had no effect on comprehension 
knowledge. Moreover, annotations increased the germane cognitive 
load, while extraneous and intrinsic load remained unaffected. Vogt 
et al. (2021) investigated the effect of annotations on knowledge in a 

sample of 61 adults using the same IVR learning environment as Albus 
et al. (2021). Annotations had a small, non-significant but practically 
relevant effect on recall. No effects were observed in comprehension 
knowledge tests. In a study by Huang et al. (2024), 62 university stu
dents learned about cell biology in four IVR conditions. The control 
group received no cues, while the visual cues group learned with high
lighting arrows and textual labels. The auditory cues only group had 
short, emphasized statements of relevant content presented by a voice 
narrator, and the audiovisual group combined the treatment of the vi
sual cues and auditory cues groups. The study found that visual and 
auditory cues improved learners' attention on relevant stimuli and 
enhanced performance on a recall knowledge test. Moreover, visual and 
auditory-visual cues reduced extraneous cognitive load. Li et al. (2023)
investigated the effect of scaffolding in an IVR lesson on the solar sys
tem. The experiment involved a sample of 152 elementary school stu
dents and employed a factorial design to investigate the effects of textual 
cues and summaries. Textual cues had a positive effect on learning, but 
did not impact intrinsic, extraneous, or germane cognitive load. In 
addition to these findings, several studies have demonstrated that the 
effects of annotations and other signals are more pronounced for stu
dents with lower prior knowledge and motivation (Han et al., 2023; 
Vogt et al., 2021).

3.2. Quizzes as scaffolds in IVR

Quizzes featuring multiple-choice questions and other assessment 
methods, such as sorting tasks, can be integrated into learning envi
ronments as a formative and engaging approach to assessment (Tsai 
et al., 2015). Integrating such self-assessment methods can potentially 
trigger several learning mechanisms: First, quizzes introduce activity 
into a learning environment and can therefore, according to Chi and 
Wylie (2014), transform otherwise passive settings into active learning 
environments that evoke higher cognitive processes according to their 
ICAP framework. Furthermore, quizzes allow learners to test their un
derstanding and receive feedback (Dunlosky et al., 2013; Fiorella & 
Mayer, 2016). Plumed et al. (2021), e.g., implemented online exercises 
with immediate feedback in CAD training to strengthen students’ un
derstanding of geometric constraints. Although performance gains were 
not statistically significant, the approach promoted autonomous 
learning and was perceived as useful by students.

However, little empirical evidence is available for learning with 
quizzes in VR. Makransky et al. (2020) investigated the effects of inte
grating gamified quizzes into a desktop-based VR in a sample of 208 
medical students. The study employed a one-sample design and 
embedded multiple quiz questions into the learning environment. Par
ticipants received feedback about the correct answer after answering 
each quiz question. Performance on a knowledge test significantly 
increased from pretest to posttest. However, due to the absence of a 
control group, the observed effects cannot be attributed exclusively to 
the quizzes but may also stem from the VR environment itself and other 
support measures included. Based on this result and other analyses, the 
authors argue that quizzes promote learning. Another study compared 
formative and summative assessment in VR with HMDs on emergency 
response knowledge among 52 university students (Seprum et al., 2025). 
Here, a two-group design was used. The formative assessment group 
received feedback on the correctness of their answers after each ques
tion, while the summative assessment group received this feedback for 
all questions at the end. The formative assessment group achieved 
higher learning outcomes than the summative assessment group. How
ever, participants in the formative assessment group reported a 
descriptively lower sense of presence than the other group. The authors 
attribute this result to the more frequent interruptions caused by quizzes 
and feedback (Seprum et al., 2025).

Furthermore, Ahn and Noh (2025) investigated the effect of quizzes 
in a fire safety training experiment. The 176 participating university 
students were assigned to four groups: desktop-based VR without 
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quizzes, desktop-based VR with quizzes, VR with HMDs without quizzes, 
and VR with HMDs and quizzes. The HMD-based VR condition increased 
presence compared to videos; however, participants who encountered 
quizzes experienced lower presence than those who did not (Ahn & Noh, 
2025).

3.3. Research questions and hypotheses

Generally, we have large evidence for effects of annotations and 
quizzes from e-learning and desktop VR. However, when it comes to IVR 
and IVFTs, evidence is still limited, particularly regarding their appli
cation in classroom settings. Therefore, we address three research 
questions. First, we examine the extent to which annotations and quizzes 
foster learning (RQ1). We hypothesized that annotations improve recall 
knowledge (H1.1) and that quizzes enhance comprehension knowledge 
(H1.2). Second, we investigate the extent to which annotations and 
quizzes influence presence (RQ2). We expected that annotations would 
boost presence (H2.1) and that quizzes would reduce presence (H2.2). 
Third, we explore to what extent annotations and quizzes affect cogni
tive load (RQ3). We assumed that annotations reduce extraneous load 
(H3.1) and that annotations increase germane load (H3.2). Unlike an
notations, which are strongly grounded in CTML and signaling theory 
and have shown consisted effects on extraneous load, quizzes have not 
been theoretically linked to specific facets of cognitive load in IVR. 
Therefore, we formulated hypotheses for annotations but treated the 
effects of quizzes on cognitive load as exploratory.

4. Methods

The study was conducted in June 2023 and December 2023 with 
participants from two German grammar schools in the German state of 
Saxony-Anhalt.

4.1. Participants

In total, N = 152 10th graders, aged 15 to 16 years, took part in the 
study. We excluded n = 26 participants who experienced technical 
issues, had insufficient language skills, or withdrew because to cyber 
sickness. The final sample therefore comprised N = 126 students. All of 
these participants completed the study in a classroom setting and spoke 
German fluently, the language of instruction. Of these participants, 
n = 58 (46%) identified as female, n = 65 (52%) identified as male, and 
n = 3 (2%) participants chose not to provide an answer.

4.2. Procedure

We integrated the study seamlessly into the physics lessons of the 
mentioned grammar schools. The participants first completed a 20-min 
pretest consisting of demographic questions, as well as recall and 
comprehension knowledge tests. Subsequently, the experimenters 
adjusted the VR headsets, and the participants completed a 5-min digital 
tutorial that explained the controls and the task to them. Then, the 
participants studied for 30 min in one of four VR environments struc
tured according to four experimental conditions (see below). Allocation 
to the experimental groups was randomized using an experiment sheet 
on which one of the four conditions was indicated. The participants 
viewed the learning environment on standalone HTC Vive Focus III 
HMDs and used controllers for interacting with the user interface. After 
the intervention, all participants completed a 35-min posttest, that 
included cognitive load and cyber sickness scales, followed by recall and 
comprehension knowledge tests. Other surveys beyond the scope of this 
paper were also conducted.

Four experimental conditions make up the intervention of this study; 
see Fig. 1 for a visualization of all measurements and treatments. The 
participants in the control group had the learning environment without 
quizzes and annotations. The participants in the quiz group learned in 
the same environment that included quizzes but no annotations. The 
participants in the annotation group only received annotations, but no 
quiz questions. However, the annotations and quiz group participants 
were given annotations and quizzes. As time-on-task is an essential 
factor influencing performance in educational studies (Karweit & Slavin, 
1982), we used digital timers in the learning environment to keep the 
duration equal across all conditions.

The study was incorporated into a single 90-min session within the 
physics curriculum of the two schools. The experimental groups con
sisted of 30 to 34 students (see Fig. 1). Participation was voluntary, and 
all students and their parents provided informed consent. A small 
number of students who chose not to participate in the study worked 
with an alternative text-based condition providing the same content and 
fall within the group of 26 students that were excluded from analysis.

4.3. Learning environment

All participants individually completed a VR science learning envi
ronment focused on wastewater treatment. This learning environment 
introduced participants to wastewater treatment through a virtual field 
trip that showed 360-degree videos of the different water basins. 

Fig. 1. Procedure of the Experiment Note. Illustration of the experimental procedure, including approximate durations. Symbols: ● indicates a measurement or 
tutorial, x stands for a treatment, and / represents a missing treatment.
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Moreover, the learning environment illustrated physical, chemical, and 
biological processes, with explanatory figures highlighting processes in 
facilities and under the water's surface. None of the participants had 
encountered this learning environment before. The topic of wastewater 
treatment was selected because environmental education is a key 
objective in the German school system. In addition, the topic fits well 
within an interdisciplinary unit that combines content from physics, 
biology, and chemistry, and is well suited for our study investigating 
explanatory figures. Knowledge about the water purification process 
was imparted at nine stations, which were presented as 360-degree 
videos of treatment facilities. There were stations for mechanical 
water purification (e.g., grit and grease removal), biological purification 
(e.g., the denitrification stage), and chemical purification (e.g., an 
activation tank with phosphorus addition). At each station, an interac
tive console prompted participants to view explanatory figures and 
select questions via the user interface, which were answered verbally by 
a recorded speaker. To generate annotations for the study, explanatory 
figures in the learning material were supplemented with additional cue 
words, colors, and arrows (see Fig. 2A). A multiple-choice question with 
three possible answers and one correct option (i.e., a single-choice 
question) was presented as a quiz at the end of each station (see 
Fig. 2B). Feedback on the correct answer was provided. The entire lesson 
was conducted in German; however, some parts of Fig. 2 were translated 
for the reader's convenience.

4.4. Instruments

First, we collected demographic data. Our questionnaire included 
questions about gender identity, vision, contact lens use, and computer 
and VR use.

Based on Bloom's taxonomy (1956), knowledge was assessed using 
recall and comprehension tests. Regarding subject matter, the knowl
edge tests focused on biological, chemical, and physical processes rele
vant to wastewater treatment.

The recall test primarily measured the ability to recognize the infor
mation conveyed. It consisted of single-choice questions with three 
possible answers; only one was correct. An example item was as follows: 
“What are the three types of treatment at wastewater treatment plants? 
a) Mechanical, biological, and chemical (correct) b) Mechanical, physical, and 
chemical, and c) Physical, chemical, and electrical.” The pretest consisted of 
five items, while the posttest comprised the same five items plus five 
additional items. A percentage score ranging from 0 (no answer correct) to 
100 (all answers correct) was calculated for the recall pretest and posttest. 
The recall posttest contained two rather easy items (0.8 < pi < 0.9) while 
the other 8 items were in a medium range (0.2 < pi < 0.8). The average 
item difficulty was pi = 0.656.

The comprehension test assessed participants' ability to explain the 
mechanisms and describe processes and thus comprised three open- 
ended questions. One of the questions was: “Where does wastewater 
come from, and what does it contain?” The learners' answers were evaluated 
using a standardized scoring sheet. Like the recall test, a percentage score 
from 0 (no answers correct) to 100 (all answers correct) describes 
the participant's performance in the comprehension pre- and posttest. 
However, this score also allowed partial credit for each question. To 
ensure validity of the coding and the analysis, 10% of the comprehension 
tests were coded by two independent coders; a significant weighted 
Kappa of κ = 0.862 indicates a good inter-rater reliability. One of the 
comprehension posttest items was rather difficult (0.1 < pi < 0.2) while 
the other 2 items were in a medium range (0.2 < pi < 0.8). The average 
item difficulty was pi = 0.555.

Cognitive load was assessed using an eight-item survey from Klepsch 
et al. (2017). This survey measures cognitive load with two items for 
intrinsic load (Cronbach's α = .782), three for germane load (Cronbach's 
α = .505), and three for extraneous load (Cronbach's α = .728). This 
survey used a five-point Likert scale with scale anchors ranging from (1) 
“strongly disagree” to (5) “strongly agree”. As this scale is quite 
frequently used, we kept it in the original composition although the α for 
the germane load was relatively low. The low α means that students' 
ratings notably distinguished between the extent to which they had to 
highly engage themselves and the extent to which they had to think inten
sively about what things meant, and that their evaluations of these two 
aspects of the germane cognitive load scale were less coherent. There
fore, results involving germane load should be interpreted cautiously 
and viewed as exploratory rather than as robust evidence for differences 
in germane load between conditions.

Presence was measured with a five-item scale from Makransky et al. 
(2017). This scale assesses the sense of physical presence experienced in 
VR learning environments (Cronbach's α = .837). The scale was adapted 
to our virtual learning environment and featured items like “The virtual 
field trip to the water treatment plant seemed real to me”. Participants 
rated their agreement to the items on a five-point Likert scale, with 
answer options from (1) “strongly disagree” to (5) “strongly agree”.

Cyber sickness was assessed with a single question, describing the 
core symptoms of the condition, including nausea, dizziness, disorien
tation, and visual strain, based on Kourtesis et al. (2023). The item 
asked, “How much cyber sickness did you experience while participating in 
the learning environment?” Responses were given on a seven-point Likert 
scale ranging from (1) “no feeling” to (7) “extreme feeling”. Single-item 
measures are commonly used in applied IVR field studies when time is 
severely limited (e.g., Weech et al., 2019), and short-form versions of the 
Simulator Sickness Questionnaire (SSQ) have been shown to capture the 
central variance of cyber sickness symptoms. Given the classroom time 
constraints of a 90-min physics lesson, the concise measurement repre
sented a practical and commonly applied solution.

Students completed all tests and surveys on paper, to view color 
figures conveniently and easily provide handwritten responses. After the 
study, all tests and survey responses were entered as data and carefully 
reviewed. Scale means were calculated for all the described scales 
consisting of multiple items.

Fig. 2. Learning environment.
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4.5. Statistical analyses (and power analysis)

We used R (Version 4.3.3; R Core Team, 2024) and the tidyverse 
package (Wickham et al., 2019) for data preparation, cleaning, and 
statistical analyses. For prior analyses, Pearson correlations and 
regression analyses were used. The rstatix package (Kassambara, 2023) 
and the function anova_test were used to compute ANCOVAs with a type 
III sum of squares. For RQ1, which addressed the effects of the anno
tations and quizzes on learning, ANCOVAs were performed for both 
knowledge measures. These ANCOVAs included cyber sickness and 
either the recall or comprehension knowledge pretest as covariates, with 
annotations and quizzes as fixed factors and the corresponding recall or 
comprehension posttests as dependent variables. RQ2 examined how 
annotations and quizzes influenced participants’ sense of presence. We 
conducted ANCOVAs with presence as a criterion and annotations and 
quizzes as fixed factors. Cyber sickness and both knowledge pretests 
(recall and comprehension) served as covariates. RQ3 investigated the 
effect of annotations and quizzes on cognitive load. ANCOVAs were 
utilized here also, in which the two factors of annotations and quizzes 
were the independent variables and the different cognitive load scales 
were the outcomes. Cyber sickness, presence, and both recall and 
comprehension knowledge pretest scores served as covariates.

Given the final sample size of N = 126, we conducted a post-hoc 
power analysis using the pwr package (Champely, 2023). For a 2 × 2 
ANCOVA with two covariates (α = .05, power = 0.80), the analysis 
indicated that effects of f = 0.256 (ηp

2 = 0.06) can be detected.

4.6. Treatment check

As a treatment check we analyzed how well students engaged with 
the quizzes. On average, students completed 90 % of the quiz questions, 
and their first-attempt accuracy was 75 %.

5. Results

In this section we first report descriptive statistics and initial analyses 
regarding the framing conditions of the IVFT before addressing the 
research questions.

5.1. Descriptive statistics and prior analyses

We provide the descriptives for the full sample and the four different 
experimental groups in Table 1. Across all groups, students improved their 
recall and comprehension knowledge scores from pretest to posttest (see 
Table 1 and the electronic supplement, Tables 1–6 for the respective sig
nificance indicators). Paired-sample t-tests showed that improvements 
were statistically significant for recall knowledge, t(125) = 9.37, d = 0.83, 
p < .001, and comprehension knowledge, t(125) =9.20, d = 0.82, p < .001.

Table 2 presents the intercorrelations among the knowledge tests, 
cognitive load scales, presence, and cyber sickness. The recall pre- and 
posttest knowledge scores were unrelated, whereas the comprehension 
pre- and posttests were significantly correlated. Cyber sickness corre
lated negatively with the recall posttest but was not associated with the 
comprehension posttest. Table 2 also shows the relationship between the 
different facets of cognitive load: Intrinsic load correlated positively 
with extraneous load, germane load correlated negatively with extra
neous load, and germane load and intrinsic load were not related. 
Moreover, Table 2 reports on the associations between cyber sickness 
and cognitive load facets. Cyber sickness correlated positively with 
intrinsic and extraneous load, but not germane load while presence 
correlated positively with germane load and negatively with extraneous 
load.

We conducted prior analyses to examine gender differences in cyber 
sickness. Cyber sickness differed by gender, with female participants 
reporting higher cyber sickness scores (M = 3.39, SD = 1.61) than male 
participants (M = 2.39, SD = 1.48), t(114) = 3.53, p < .001.

Next, we examined the extent to which cyber sickness, gender, and 
posttest performance were related. We conducted a multiple regression 
analysis with the recall posttest as dependent variable, considering cyber 
sickness and gender identity as predictors. The global model was signif
icant, and the model explained 9% of variance, F(3, 117) =3.88, p = .011. 
The intercept was significant (b = 0.69, p < .001). Cyber sickness had a 
negative effect (b = − 0.02, β = − 0.28, p = .008), indicating that higher 
levels of cyber sickness were detrimental to recall posttest performance. 
Participants' pretest performance was not associated with posttest per
formance (p = .261) and gender identity did not have a significant effect 
(p = .502).

A second multiple regression used the comprehension posttest as a 
criterion, considering cyber sickness and gender identity as predictors. 
The global model was significant, explaining 19% of the variance, 
F(3, 117) = 8.88, p < .001. The intercept was significant (b = 0.43, 
p < .001). Performance in the comprehension pretest had a significant 
effect (b = 0.45, p < .001), supporting the finding that prior knowledge 
is an essential predictor for comprehension posttest performance. 
Gender identity (p = .388) and cyber sickness (p = .139) did not 
significantly affect the recall posttest outcome.

The analyses reported above indicate that cyber sickness and prior 
knowledge should be considered when analyzing the effects of annota
tions and quizzes.

5.2. To what extent do annotations and quizzes foster learning? (RQ1)

We examined whether annotations and quizzes affect the acquisition 
of recall knowledge. An ANCOVA was conducted with annotations and 
quizzes as fixed factors, while recall knowledge pretest and cyber 
sickness served as covariates. The overall model was significant, 

Table 1 
Descriptives in the full sample and across the experimental groups. Differences between the four experimental groups regarding the outcome measures and especially 
significance levels for the post-hoc comparisons can be found in the electronic supplement, Tables 1–6

Variable Full sample Groups

Control group (n = 34) Quiz (n = 30) Annotations (n = 32) Annotations and quiz (n = 30)

Recall pretest (%) 44 (22) 49 (22) 44 (23) 42 (24) 42 (20)
Recall posttest (%) 66 (15) 63 (16) 61 (16) 67 (15) 72 (11)
Comprehension pretest (%) 36 (20) 34 (20) 38 (19) 34 (22) 37 (20)
Comprehension posttest (%) 47 (20) 42 (20) 51 (19) 46 (18) 49 (20)

Intrinsic load (SD) 2.58 (0.89) 2.81 (0.90) 2.38 (0.84) 2.52 (0.77) 2.57 (1.01)
Extraneous load (SD) 2.55 (0.78) 2.64 (0.79) 2.56 (0.82) 2.40 (0.78) 2.60 (0.77)
Germane load (SD) 3.73 (0.60) 3.64 (0.60) 3.64 (0.72) 3.83 (0.49) 3.80 (0.60)

Cyber sickness (SD) 2.85 (1.60) 3.16 (1.61) 2.40 (1.54) 2.94 (1.64) 2.90 (1.58)
Presence (SD) 2.99 (0.81) 3.07 (0.69) 2.63 (0.68) 3.26 (0.77) 2.95 (0.97)

Scale ranges: Knowledge 0-100 %, all cognitive load scales: 1 (low) – 5 (high).
Note: All significance indicators can be found in the electronic supplement, Tables 1–6
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F(5, 118) = 4.58, R2 = 0.14, p < .001. A significant main effect for the 
factor of annotations was observed, ηp

2 = 0.07, p = .003. Cyber sickness 
also had a significant effect (ηp

2 = 0.09, p < .001), while the recall pretest 
(ηp

2 = 0.01, p = .197), quizzes (ηp
2 = 0.00, p = .840), and the interaction 

between annotations and quizzes (ηp
2 = 0.02, p = .104) were not 

significant. Fig. 3A illustrates the adjusted recall posttest scores among 
all experimental conditions. Post-hoc comparisons and contrasts in the 
scores between the four experimental groups could be found in the 
electronic supplement, Table 1. These results provide support for 
hypothesis H1.1, suggesting that annotations improve recall.

We also investigated whether annotations and quizzes affected the 
acquisition of comprehension knowledge. An ANCOVA was performed 
with annotations and quizzes as fixed factors; comprehension knowl
edge of the pretest and cyber sickness were included as covariates. The 
overall model was significant, F(5, 118) = 5.80, R2 = 0.20, p < .001. 
However, neither quizzes (ηp

2 = 0.02, p = .169) nor annotations 
(ηp

2 = 0.00, p = .916) showed a significant main effect. Among the 
covariates, only the comprehension knowledge of the pretest was sig
nificant (ηp

2 = 0.16, p < .001), while cyber sickness (ηp
2 = 0.02, p = .122) 

and the interaction between annotations and quizzes (ηp
2 = 0.00, 

p = .900) were not. Fig. 3B displays the estimated marginal means 
of comprehension posttest scores across all conditions. Contrary to 
hypothesis H1.2, the inclusion of quizzes did not lead to a significant 
improvement in comprehension knowledge.

5.3. To what extent do annotations and quizzes influence presence? 
(RQ2)

For RQ2, we conducted an ANCOVA to determine how annotations 

and quizzes influence participants' presence perception. Presence was 
used as the outcome variable, quizzes and annotations as fixed factors. 
Cyber sickness and both pretest results were included in the model as 
covariates. The overall model was significant, F(6, 117) = 2.31, 
R2 = 0.12, p = .038. Quizzes (ηp

2 = 0.06, p = .009) had a significant 
effect. Annotations (ηp

2 = 0.03, p = .080) and cyber sickness (ηp
2 = 0.03, 

p = .088), missed the significance level of p < .05; yet their p-values were 
p < .1, which means they show a marginal trend. Prior knowledge 
(recall: p = .335, ηp

2 = 0.02; comprehension: p = .721, ηp
2 = 0.00) and the 

interaction effect of annotations and quizzes (ηp
2 = 0.00, p = .480) were 

not significant. Fig. 4, illustrates the adjusted presence scores across all 
experimental conditions. Our post-hoc tests examined the main effects 
reported above in detail. While we couldn't find a convincing main effect 
of annotations that could support hypothesis 2.1, the reported main 
effect for quizzes gave support for hypothesis 2.2 that the inclusion of 
quizzes reduced the feeling of presence.

5.4. To what extent do annotations and quizzes affect cognitive load? 
(RQ3)

For each facet of cognitive load, we conducted a separate ANCOVA. 
In all analyses, annotations and quizzes were included as fixed factors, 
while recall and comprehension knowledge pretest scores, along with 
cyber sickness and presence, were included as covariates. All three 
ANCOVAs are visualized in Fig. 5.

Although we did not formulate a hypothesis for intrinsic load, we 
report its results first, as this construct is usually presented first. The 
overall model missed the significance threshold, F(7, 116) = 1.85, 
R2 = 0.08, p = .084. Neither annotations (ηp

2 = 0.01, p = .425) nor 

Table 2 
Intercorrelations between knowledge tests, cognitive load, and cyber sickness.

Variable 1. 2. 3. 4. 5. 6. 7. 8.

1. Recall pretest — ​ ​ ​ ​ ​ ​ ​
2. Recall posttest 0.12 — ​ ​ ​ ​ ​ ​
3. Comprehension pretest − 0.07 0.12 — ​ ​ ​ ​ ​
4. Comprehension posttest 0.08 0.33*** 0.41*** — ​ ​ ​ ​
5. Intrinsic load − 0.19* − 0.10 − 0.00 − 0.16 — ​ ​ ​
6. Extraneous load − 0.17 − 0.03 − 0.02 − 0.11 0.38*** — ​ ​
7. Germane load 0.14 − 0.00 − 0.10 0.10 − 0.02 − 0.41*** — ​
8. Cyber sickness − 0.07 − 0.27** 0.04 − 0.15 0.18* 0.28** − 0.12 —
9. Presence − 0.13 − 0.02 − 0.06 − 0.12 0.05 − 0.28** 0.25** 0.15

Note. Two-tailed Pearson correlations of the variables. ***p < .001, **p < .01, *p < .05.

Fig. 3. Estimated Marginal Means from the 2x2-Factorial ANCOVA for the Recall Posttest (Panel A) and the Comprehension Posttest (Panel B). 
Note: Post-hoc comparisons and contrasts in the scores between the four groups could be found in the electronic supplement, Tables 1 and 2.
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quizzes (ηp
2 = 0.01, p = .279) showed significant effects. Similarly, the 

interaction between annotations and quizzes (ηp
2 = 0.02, p = .127), 

comprehension knowledge pretest (ηp
2 = 0.00, p = .831), presence 

(ηp
2 = 0.00, p = .730) and cyber sickness (ηp

2 = 0.02, p = .104) were 
not significant in this ANCOVA. The only significant variable was the 
covariate pretest recall knowledge (ηp

2 = 0.04, p = .033).
Our second ANCOVA model examining extraneous load was signif

icant, F(7, 116) = 3.90, R2 = 0.18, p < .001. Annotations did not have a 
significant effect on extraneous load (ηp

2 = 0.00, p = .617), thus, hy
pothesis H3.1 was not supported. Likewise, quizzes (ηp

2 = 0.00, p = .991) 
and the interaction between annotations and quizzes (ηp

2 = 0.01, 
p = .326) were not significant. Also, comprehension knowledge pretest 
scores (ηp

2 = 0.00, p = .494) didn't show significant effects. In contrast, 
recall knowledge pretest scores (ηp

2 = 0.05, p = .018), presence 
(ηp

2 = 0.08, p = .002) and cyber sickness were significant covariates for 
extraneous load (ηp

2 = 0.06, p = .011).
Our final ANCOVA investigated germane load. The overall model 

was significant, F(7, 116) = 2.57, R2 = 0.13, p = .017. While neither 
annotations (ηp

2 = 0.01, p = .301) nor quizzes (ηp
2 = 0.00, p = .731) or the 

interaction between annotations and quizzes (ηp
2 = 0.00, p = .989) were 

significant, we found a significant effect of presence (ηp
2 = 0.08, 

p = .002). Prior knowledge in recall missed a significance level of p < .05 
(ηp

2 = 0.03, p = .053) while prior knowledge comprehension (ηp
2 = 0.01, 

p = .288) and cyber sickness (ηp
2 = 0.01, p = .436) were clearly 

nonsignificant. Hypothesis H3.2 was therefore not supported by these 

analyses.

6. Discussion

We enriched an immersive HMD-based VR learning environment by 
integrating annotations and quizzes. Our objective was to provide par
ticipants with instructional support that would promote learning.

6.1. To what extent do annotations and quizzes foster learning? (RQ1)

Annotations increased recall knowledge acquisition but did not 
affect the acquisition of comprehension knowledge. This indicates that 
annotations can significantly influence the acquisition of recall knowl
edge even in a classroom-based IVFT setting. This finding is consistent 
with IVR studies showing that annotations primarily promote the 
acquisition of lower levels of Bloom's taxonomy of knowledge (Albus 
et al., 2021; Huang et al., 2024; Vogt et al., 2021), while they are not 
effective for fostering higher levels of Bloom's taxonomy (Li et al., 2023). 
However, the effect of annotations was moderate and smaller than the 
effect of the covariate cyber sickness. This further underscores how far 
learning outcomes as well as the effect of interventions in IVFTs are 
affected by cyber sickness.

The results are quite different for comprehension knowledge, which 
strongly depended on prior knowledge, showing large effect on the 
comprehension outcomes. This provides evidence for Matthew effect, 
originally introduced by Merton (1968) and later applied to education 
by Stanovich (1986) which describes that individuals with higher prior 
knowledge can more effectively integrate new knowledge. This Matthew 
effect primarily affected comprehension knowledge and thereby the 
higher level of the Bloom et al.’s (1956) taxonomy. Considering that our 
IVFT was an active learning setting that missed constructive activities 
according to the ICAP framework of Chi and Wylie (2014), it is 
reasonable to assume that possible effects of our intervention may have 
been suppressed by the impact of prior knowledge. Based on these an
alyses, we would recommend that future IVFT designs should also 
include constructive activities when targeting comprehensive knowl
edge outcomes.

Quizzes did not significantly improve the acquisition of recall and 
comprehension knowledge in our study. However, looking at the 
descriptive data in Table 1, we see that students in the quiz condition 
descriptively reached a higher knowledge gain (posttest – pretest) in 
recall knowledge than students in the control group – and that students 
with both annotations and quizzes reached the highest posttest score. 
Research on quizzes in IVR is scarce and although we conducted 
extensive research, we didn't find a study that implemented quizzes in 

Fig. 4. Adjusted Scores from the 2x2-Factorial ANCOVA for Presence, Dis
played Across all Experimental Conditions. 
Note: Post-hoc comparisons and contrasts in the scores between the four groups 
could be found in the electronic supplement, Table 3.

Fig. 5. Adjusted Scores from the 2x2-Factorial ANCOVA for the Intrinsic (Panel A), Extraneous (Panel B), and Germane Load (Panel C) and Displayed Across All 
Experimental Conditions. 
Note: Post-hoc comparisons and contrasts in the scores between the four groups could be found in the electronic supplement, Tables 4–6
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IVR presented through an HMD and compared learning outcomes of this 
group with a control group also using HMDs. Cecotti et al. (2024)
applied quizzes in IVR but compared this setting with desktop-based VR; 
although the difference was not significant, students in the 
desktop-based VR condition descriptively scored higher in the quiz. 
Such differences were significant in Rai et al. (2019); however, students 
in the desktop-based VR received substantially more information than 
students using HMD.

There is also limited research on the effect of quizzes on learning 
outcomes in desktop-based VR. For example, Makransky, Mayer et al. 
(2020) found that learners with quizzes improved their knowledge. 
However, as they didn't use a control group, one cannot confirm whether 
learners with quizzes learned better than those without. Their effects are 
in line with our finding that all learners exposed to quizzes significantly 
improved in recall and comprehension knowledge. There are more 
studies that applied quizzes in desktop-based VR but usually these 
studies compared the desktop-based VR with another setting, e.g. 
classroom teaching (e.g. Lee & Wong, 2014). The limited available ev
idence in literature as well as our results raise the question of whether 
quizzes embedded in IVR offer meaningful additional benefits and to 
what extent they may stimulate advanced cognitive processes compared 
to a control group. Here it is important to consider the purpose of the 
quizzes: One intended function of our quiz was to activate learners 
during the 30-min IVFT. With 90 % of the quiz questions answered, we 
can conclude that this activation mechanism worked. After each of the 
nine stations, that is, approximately every three to 4 min, learners in the 
quiz condition received a single-choice quiz question. According to ICAP 
(Chi & Wylie, 2014) learners in the quiz condition found themselves in 
an active learning setting; however, their activity may not have been 
substantially higher than that of learners in conditions without quizzes. 
Relating this back to ICAP, learners in the other conditions may have 
been active enough, e.g. by progressing from one station to the next, so 
that quiz-based activation did not provide additional benefits. Such 
activation effects may emerge more clearly when compared with IVR 
environments without activation, for instance, when the experience is 
more film-like or when it provides other kinds of non-content specific 
interaction.

Another function of quizzes may be that they may provoke cognitive 
processes that enhance learning outcomes. Quizzes are supposed to 
promote learning by testing one's understanding and providing feedback 
(Dunlosky et al., 2013; Fiorella & Mayer, 2016). Feedback about correct 
answers may increase learners' perceived competence; and indeed, 
further analyses (Galler et al., 2026), indicate effects of quizzes on 
learners' competence experience, which are beyond the scope of this 
paper. Students solved about 75 % of the quiz questions correctly based 
on the learning materials. It seems reasonable to assume that also stu
dents without quizzes would have been able to reach such a high pro
portion based on the learning materials. The benefit of quizzes may have 
been that students who answered incorrectly might return to the ma
terials for repetition. This, however, would have required allowing 
learners with quizzes more time for learning, which would have 
confounded the comparability of the settings because the quiz group 
might then have used more learning time. Thus, regarding learning 
outcomes, quizzes may not have been able to play to their strengths 
because of the required experimental standardization.

6.2. To what extent do annotations and quizzes influence presence? 
(RQ2)

Quizzes decreased the feeling of presence, as expected. This finding 
is consistent with the studies by Seprum et al. (2025) and Ahn and Noh 
(2025), in which different types of quizzes tended to reduce presence. A 
reasonable explanation for our results draws on literature suggesting 
that quizzes reduce presence primarily by interrupting participants 
(Seprum et al., 2025). This interpretation is also congruent with basic 
theoretical assumptions about presence. Witmer and Singer (1998)

already pointed out that a learner's ability to focus on the VR content can 
be impaired by external distractions. Similarly, they emphasized that 
higher interface awareness can also reduce the sense of presence that 
participants experience (Witmer & Singer, 1998). This point is particu
larly relevant, as participants in the quiz groups likely spent more time 
reviewing the quiz questions through the interface, whereas participants 
in the groups without quizzes were instructed to explore the virtual 
world.

Considering the benefits of quizzes in less immersive learning set
tings, this raises the question of how best to integrate quizzes into IVR 
and to what extend their advantages might may outweigh the associated 
reduction in presence. Transforming quizzes into game elements and 
integrating them as game elements into a learning environment (e.g. by 
an increasing score) may add motivational benefits (Sailer & Homner, 
2020), even if they decrease presence to a certain extent. Instructional 
designers could furthermore mitigate the reduction in presence by 
embedding quizzes implicitly within virtual environments, rather than 
presenting them explicitly, for instance, through overlayed survey 
questions (Frommel et al., 2015). Similarly, instructional designers 
could reduce the side effects of quizzes by integrating them more 
seamlessly into the narrative structure of the VR learning environment, 
or by embedding them in a spoken-response format that utilizes auto
matic speech recognition and an AI-based response evaluation.

There are indications that annotations may have enhanced the 
feeling of presence in our study, although this effect was not statistically 
significant at the p < .05 level and was characterized by a small effect 
size. Such a result aligns with the attentional benefits attributed to the 
use of signals and cues (Mayer, 2014; Schneider et al., 2018). In relation 
to Witmer and Singer (1998) and their concept of sensory fidelity, an
notations may have contributed to the environmental richness of the 
learning environment and leaners’ active search processes; they may 
especially have encouraged learners to explore the figures in more 
detail.

6.3. To what extent do annotations and quizzes affect cognitive load? 
(RQ3)

In line with the CAMIL model (Makransky & Petersen, 2021), our 
analysis shows that presence played a stronger role in shaping cognitive 
load than did instructional support. Presence was a significant covariate 
for extraneous and germane load, showing medium-sized effects in both 
ANCOVAs, and also showed significant correlations, whereas annota
tions and quizzes did not produce measurable effects.

While in traditional e-learning literature, the reduction of cognitive 
load through annotations is well established (Schneider et al., 2018), our 
annotations did not reduce extraneous load, which contradicted our 
expectations. Closer inspection of our ANCOVA results reveals three 
substantial covariate effects: presence (medium effect), cyber sickness 
(small to medium effect), and prior knowledge (small to medium effect). 
It seems reasonable to assume that at least presence and cyber sickness 
are particularly specific to IVR and therefore influence cognitive load 
more strongly than instructional characteristics.

In this line, two prior IVR studies found no effect on extraneous load 
(Albus et al., 2021; Li et al., 2023), whereas one study demonstrated a 
reduction in extraneous load (Huang et al., 2024). When considering the 
CAMIL framework again, we must acknowledge that all our learners 
were already immersed in IVR, working with HMDs in a 360◦ environ
ment. This means that we did not investigate such dramatic differences 
in presence, as might be found when comparing desktop-based VR with 
IVR. The effects that Makransky and Petersen (2021, p. 946) describe in 
the context of CAMIL and cognitive load are derived from the larger 
visual field, in which a wider visual field of view can evoke higher levels 
of extraneous load. In contrast to this argumentation, the visual field 
does not differ between our four experimental conditions, as all learners 
used IVR. This context may have two potential implications. As the 
quizzes reduced presence and annotations slightly increased it, the 
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effects of both interventions on cognitive load might be mediated by 
presence, although we didn't find statistical evidence for this. Further
more, we should reconsider the interaction between presence and 
extraneous load. If the visual field is same for all learners in IVR, 
extraneous load may result from cyber sickness and difficulties with 
orientation in the IVR. Therefore, the path between presence and 
extraneous load might operate in the opposite direction when all 
learners are in IVR. Our negative correlation between both variables 
may indicate such direction although our study was not designed to 
provide evidence for such an assumption. If we consider the assumptions 
of CAMIL regarding cognitive load in the context of IVR in more detail, 
we suggest splitting the concept of extraneous load in IVR. It may be 
helpful to distinguish between load evoked by the instructional envi
ronment, which reflects the traditional concept of extraneous load in 
paper- and desktop-based learning environments, and load caused by 
orientation and navigation difficulties in IVR as a second kind. When all 
learners are in IVR, such navigation and orientations difficulties within 
the environment may affect presence as well as extraneous load nega
tively while high presence levels may indicate the absence of such dif
ficulties and are thereby associated with a lower extent of cognitive load.

Annotations did not increase germane load; the descriptively higher 
means were far away from significance levels (p = .301). The literature 
suggests that annotations can increase germane cognitive load by 
directing attention to relevant entities and their relationships, or by 
facilitating the integration and organization of information in short-term 
memory (Mayer, 2014; Schneider et al., 2018). Descriptively, the means 
for germane load among learners who received annotations were 
(slightly) higher than those of learners in other conditions, which may 
indicate that they processed more information and engaged in more 
complex tasks. However, not finding the expected effect is consistent 
with the results of the two available IVR studies, which also found that 
signals such as annotations did not improve germane load (Albus et al., 
2021; Li et al., 2023).

For germane load, presence showed a medium effect and prior 
knowledge a small, nonsignificant effect. Besides the suppressing effects 
of the covariates, it is possible that learners were distracted by the 
seductive details inherent in the IVFT and therefore did not follow the 
guiding signals with full attention, which were intended to highlight 
relevant entities and their relationships. Another possibility is that the 
learning strategies and the described integration and organization pro
cesses in short-term memory are more difficult to activate in the IVR 
environments using HMDs than in multimedia learning without HMDs. 
Future studies should use eye-tracking methods to identify indicators for 
the interaction between annotations and germane load in IVR.

6.4. Effects of covariates

Besides the main effects, we found two covariates that had a signif
icant impact on the analyses. The first was cyber sickness. While on a 
conceptual level the effect of cyber sickness is quite straightforward 
(learners that feel sick experience cognitive distraction or impairment), 
it provides significant obstacles for educational practice. Currently, 
well-documented gender differences exist with respect to cyber sickness, 
typically to the disadvantage of female learners (Kelly et al., 2023; 
MacArthur et al., 2021). Applying IVR in classroom learning may 
therefore impair girls’ learning, which becomes even more crucial when 
we consider fields that already show gender imbalances, such as science 
classrooms (e.g. Olive et al., 2022). Thus, future research must investi
gate either new hardware solutions or better learning settings that 
reduce the phenomenon of cyber sickness, thereby allowing IVR to serve 
as a more successful tool for learning.

The second covariate was prior knowledge. Prior knowledge has long 
been recognized as an important factor for learning, as described in the 
seminal work of John R. Anderson (1981) and Amy Shapiro (2004). 
Therefore, prior knowledge is assessed in many studies and applied as a 
covariate in the respective experimental designs to control its effects. 

There is furthermore the issue of the extent to which prior knowledge 
moderates the effectiveness of interventions. Han et al. (2023) divided 
learners by prior knowledge based on a median split. Their students had 
to manipulate objects in the VR environment and if a learner could not 
identify the appropriate objects because of insufficient prior knowledge, 
this learner may have likely experienced difficulties in proceeding with 
the task appropriately. For learners who were familiar with the envi
ronment, the signaling in the Han et al. (2023) study may have 
(reasonably) been redundant. This is, however, quite different for (the 
case of) our learning environment, in which the annotations aimed at 
supporting learners' development of conceptual clarity, while progres
sion through the learning environment was not dependent on learners’ 
ability to identify the objects appropriately or not. This calls for using 
prior knowledge as covariate rather than as moderating condition. In 
this line, the effects of prior knowledge in our study are relatively 
straightforward and indicate that the Matthew effect (Merton, 1968) 
applies to IVR learning as well.

6.5. Limitations

Our analysis had an effective sample of 126 students, which allowed 
us to detect medium-sized effects (f = 0.256) with a power of 0.80 
(calculated using the pwr package; Champely, 2023). Increasing the 
sample size to detect smaller effects would have been preferable but 
would have required approximately 791 students, according to the 
post-hoc power analysis. Such sizes are hardly feasible when working 
with IVR and most studies in our reference list had sample sizes between 
100 and 150 participants, with several reporting fewer than 100. 
Increasing the sample size might have increased the statistical power of 
some tests and brought certain effects closer to significance, although 
this raises the question of whether such small effects would hold prac
tical relevance. The effect of annotations on recall knowledge was me
dium but provided learners only a small advantage of a few points over 
the control group. This raises the question of whether it is more bene
ficial to focus first on interventions that produce larger effects even 
when based on smaller samples, rather than examining medium and 
small effects with large samples.

A further limitation of our study is that participants were subject to 
medium levels of cyber sickness. Although the single-item measure 
limits diagnostic granularity, single-item or short-form assessments are 
commonly used in applied IVR studies when time is constrained. At 30 
min, our intervention lasted significantly longer than most other IVR 
interventions (e.g., Albus et al., 2021; Vogt et al., 2021), and it is known 
that cyber sickness intensifies with increasing duration. Thus, we believe 
that the long duration may have contributed to these levels of cyber 
sickness. Longer VR studies, like ours, are needed to assess the effects of 
VR-based learning in classroom contexts, such as STEM school lessons. 
In addition, our study showed, in line with theoretical arguments, that 
female participants suffered more from cyber sickness than male par
ticipants (Kelly et al., 2023; MacArthur et al., 2021). This point is 
interesting and corroborates findings from other studies (Stanney et al., 
2020). As a result of these findings, we accounted for cyber sickness in 
our analysis by including it as a covariate in the ANCOVA models. This 
approach allowed us to report results that reflect a classroom-based IVR 
learning scenario of extended duration, in which cyber sickness is 
naturally more likely to occur.

Another limitation is that we did not use eye-tracking technology in 
our study. The learning environment was highly interactive, allowing 
participants to look in all directions, navigate linearly through the sta
tions, as well as interact with the user interface. Consequently, 
measuring eye movements in such an interactive learning environment 
would have been a technically demanding and complex task (Ugwitz 
et al., 2022). Eye-tracking methods would have provided valuable in
sights into learners’ attentional patterns related to annotations and 
quizzes, yet research on this topic remains scarce within educational IVR 
studies (Shadiev & Li, 2023). Future studies should utilize eye-tracking 
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approaches to gain a deeper understanding of learners' attentional 
processes, particularly when integrating explanatory figures in VR, 
which, as our study showed, appear to be well-suited for integrated 
STEM education.

7. Conclusion

We conducted a study with school students learning about a STEM 
topic in an IVR environment using HMDs. Students participated in an 
IVFT to a wastewater treatment plant, each using an individual HMD 
while learning together in the classroom. Experiences from the study 
implementations showed that this was a feasible setting for school 
learning and results of the study indicate that all learners received 
substantial learning gains.

We integrated annotations and quizzes as experimental factors 
within the IVFT to gain insights into their suitability as instructional 
support methods in this setting. Annotations fostered the acquisition of 
recall knowledge, but not comprehension knowledge. This finding em
phasizes that annotations can promote lower levels of knowledge in 
Bloom's taxonomy (Bloom et al., 1956). Quizzes did not significantly 
promote knowledge acquisition in our study, although they are gener
ally considered to foster learning through feedback and self-testing.

The analyses showed large effects of the framing conditions, espe
cially prior knowledge and cyber sickness, but also presence, which were 
sometimes clearly greater than the effects of our interventions. This was 
particularly evident for the cognitive load measures, which were influ
enced by the framing conditions rather than by the interventions 
themselves, but also for the learning outcomes. We therefore suggest 
that these factors should be addressed more intensively in the devel
opment and design of IVFTs. While we didn't find interactions between 
prior knowledge and either intervention, it might be beneficial to target 
both support methods at students with lower prior knowledge in order to 
help them catch up with peers who have higher levels of prior knowl
edge. Such targeted interventions may, however, increase learning time 
requirements for students with lower prior knowledge. Overall, further 
research will determine how annotations and quizzes affect real-world 
systems in their actual operational environments. This may require a 
conceptual advancement of the implementation of quizzes and annota
tions so that they their benefits can also unfold in IVFTs.

While the effects of prior knowledge may take place in almost any 
learning setting, cyber sickness is specific to IVR and IVFTs. In our study, 
the students spent approximately 35 min in the IVR environment and 
only a few students (3 % of our sample) withdrew because of cyber 
sickness. However, female students reported higher levels of cyber 
sickness than male students. This effect may impair the learning of fe
male students in IVFTs and therefore be a decisive factor in determining 
whether IVFTs are an appropriate means for classroom learning. How
ever, better hardware, greater user familiarization, and improved 
instructional design may mitigate or dissolve this effect. Higher reso
lutions and more accurate adjustment of HMDs to (female) users’ 
interpupillary distance (see Stanney et al., 2020) may be important first 
steps in this direction. Furthermore, with the increasing availability of 
HMDs in households, one could expect that individuals will become 
more familiar with HMD technology and, consequently, experience less 
cyber sickness. Finally, and this remains the task for us researchers, 
more research is needed to identify which attributes of IVR may 
contribute to cyber sickness, such as unanticipated or unfamiliar view
points, movements, or abrupt changes in position. To obtain more in
formation about the contribution of such characteristics, eye-tracking 
(see Shadiev and Li, 2023) and/or electrodermal activity measures may 
reveal situations that require increased visual search processes and that 
may relate to stress.

Presence emerged as an ambiguous construct, because it was nega
tively affected by quizzes, but was an important covariate for the load 
measures. The CAMIL model (Makransky & Petersen, 2021) hypothe
sizes positive effects of presence on extraneous load when learning 

environments differ in their visual field. This wasn't the case in our IVFT 
as all students worked with HMDs. For such a context, we would hy
pothesize that learners who are able orient themselves and navigate 
easily in the IVFT experience higher presence, which, in turn, is asso
ciated with lower extraneous load. This hypothesis, however, requires 
systematic investigation in further studies. For learners completing 
quizzes, we would consequently hypothesize that increased navigation 
demands reduced their sense of presence.
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