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presentation—2D and VR—offer varying levels of immer-
sion (i.e., objective degree of realism of a simulation), with 
VR potentially blurring the boundaries between virtual and 
real experiences (Bonnail et al. 2024; Rubo et al. 2021). 
Given that the effectiveness of learning or therapeutic inter-
ventions likely relies on the successful retrieval of acquired 
knowledge within real-world contexts (Clay et al. 2024), 
differences in immersion between 2D and VR presentations 
may influence intervention effectiveness. Memory retrieval 
is enhanced when encoding and retrieval contexts align, 
whereas incongruence increases transfer costs—that is, the 
additional cognitive effort or performance decline occur-
ring when retrieval and encoding contexts do not match, as 
described by the encoding specificity principle and transfer-
appropriate processing in numerous studies (Tulving and 
Thomson 1973; Godden and Baddeley 1980; Watkins et al. 
1976; Shin et al. 2021; Choi et al. 2025; S. M. Smith and 
Vela 2001; Godden and Baddeley 1975). While some stud-
ies have revealed inconsistencies in replicating such effects 

1  Introduction

In recent years, the field of therapeutic and educational 
interactions has undergone a dual transformation. First, 
the increased affordability of VR technology has signifi-
cantly elevated its use in these settings. Concurrently, the 
COVID-19 pandemic necessitated a shift towards online 
interactions (Lemay et al. 2021), where content is typically 
shown on a conventional 2D display. These two modes of 
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Abstract
Virtual reality (VR) has become more affordable and is increasingly used for therapeutic and educational purposes where 
it is important to transfer learned experiences to the real world. But is it worth switching from conventional 2D displays to 
VR to strengthen such learning effects? Here, we investigated how well incidentally learned emotional and neutral scenes, 
encoded either in VR or as a conventional 2D presentation (encoding context VR, 2D), could be recognized in congruent 
or incongruent presentation contexts (retrieval context VR, 2D). Using a 3 × 2 × 2 mixed design, 60 participants viewed 
(and incidentally encoded) emotional and neutral scenes in VR and as 2D video. After 24 h, 30 participants performed 
an unannounced old-new judgment task in 2D, while the others completed it in VR. 2D-encoded scenes were recognized 
better in the congruent 2D than in the incongruent VR context. Context congruency effects were less pronounced for VR-
encoding. On average, participants reliably recognized VR-encoded scenes in the incongruent 2D retrieval context. Par-
ticipants retrieved emotional scenes better and more confidently than neutral ones, independent of encoding context. How-
ever, scenes experienced in VR were more likely to be perceived as emotional than when the same scenes were viewed 
as 2D video. Taken together, the presentation mode of a scene (2D, VR) served as a contextual mnemonic aid, mainly for 
2D-encoded scenes. Overall, VR-encoded scenes were less dependent on context congruency effects, suggesting a reduced 
sensitivity to the retrieval context rather than a direct transfer advantage. Finally, VR-encoding increased the likelihood 
that the content would be perceived as emotional, suggesting its potential as a useful educational and therapeutic tool.
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within real-world and VR contexts (Murre 2021; Wälti et al. 
2019), other research showed that switching between VR 
and real-world environments or between two-dimensional 
and three-dimensional VR contexts negatively affected 
memory recall (Johnsdorf et al. 2025; Lamers and Lanen 
2021). This suggests that the presentation mode itself may 
serve as a contextual cue during retrieval. Thus, highly 
immersive VR experiences that are more similar to real-
world experiences could potentially be better retrieved in 
the real world than observed 2D presentations (Martarelli et 
al. 2023). This hypothesis prompts an inquiry into whether 
the mode of presentation, 2D screen or VR, significantly 
impacts memory encoding and retrieval, a question that is 
central to our study.

Previous research has indicated differences in memory 
processes between VR- and 2D-encoded scenes (Allcoat 
and Mühlenen 2018; Johnsdorf et al. 2023a; Kisker et al. 
2020; Wälti et al. 2019). Some studies indicate improved 
memory performance for various types of intentionally 
learned content presented in VR as compared to 2D screens. 
The learning content comprised, for example, navigation 
routes (Kim et al. 2018), objects (Mania et al. 2003), or 
faces (Krokos et al. 2019). This benefit of VR-based learn-
ing may be explained by a more active exploration of the 
virtual environment or higher immersion (S. A. Smith 2019; 
van Helvoort et al. 2020). Even when participants were not 
explicitly instructed to memorize the learning content and 
formed so-called incidental memories, which are more gen-
eralizable to real-world situations, virtual experiences were 
associated with a mnemonic advantage over 2D presenta-
tions. This was demonstrated, for example, in a study by 
Schöne and colleagues (2019a), in which participants rec-
ognized snapshots of a previously encoded VR motorcycle 
ride more accurately than those of a 2D ride. In addition, this 
advantage was demonstrated in a recognition task in which 
participants were presented with specific objects that they 
had previously seen and thus incidentally learned in either 
a VR or 2D environment (Kisker et al. 2019b). Although 
both encoding groups performed similarly on average, the 
VR-encoding group recognized the objects more vividly. In 
contrast, the 2D group reported only a sense of familiarity 
during retrieval. In sum, VR experiences are assumed to be 
linked to more personally relevant autobiographical memo-
ries, whereas 2D-encoded scenes presumably form shal-
lower episodic memories that are less connected to one’s 
sense of self (Conway 2005; Roediger and Marsh 2003).

However, some previous studies (Kisker et al. 2019b; 
Schöne et al. 2019a) may not have captured the full quality 
of VR memories, as recognition tasks were conducted exclu-
sively in a 2D format, potentially underestimating memory 
fidelity. Conversely, the consolidation of 2D-encoded pre-
sentations might have been overestimated due to congruent 

2D retrieval contexts. Our study addresses this issue by 
additionally incorporating a VR recognition task, allowing 
us to thoroughly investigate whether the presentation mode 
(2D screen, VR) is a critical contextual factor in facilitating 
memory retrieval.

Even if a congruent presentation mode of encoding and 
retrieval contexts does not enhance the recall of memory, 
incongruent retrieval conditions could still cause trans-
fer costs. VR-encoded scenes presumably create autobio-
graphical memories (Gupta et al. 2022; Kisker et al. 2019b, 
2020; Schöne et al. 2019a), which are linked to the indi-
vidual self and are organized in an extensive network of dif-
ferent abstractions (Conway 2001). This depth of encoding 
prompts that they may be less susceptible to transfer costs 
in a retrieval context that diverges from the original VR-
encoding context, in contrast to more superficial memories 
associated with observed 2D screen presentations. Alterna-
tively, while the transfer costs when retrieving VR-encoded 
and 2D-encoded scenes might prove similar in terms of 
memory performance, the confidence in recognizing previ-
ously encountered stimuli could still be significantly higher 
within a VR-encoding context. This notion aligns well with 
the idea of a more vivid and effortless recollection associ-
ated with (autobiographical) VR memories (Kisker et al. 
2019b, 2020).

Importantly, VR experiences also tend to elicit lifelike 
emotions (Chirico and Gaggioli 2019; Gupta et al. 2025; 
Kisker et al. 2019a; Parsons 2015; Somarathna et al. 2023), 
increasing ecological validity and potentially surpassing 
the emotional impact of 2D presentations (Estupiñán et 
al. 2014). Emotions are typically characterized along two 
key dimensions: valence and arousal. Valence refers to the 
positivity or negativity of an emotional experience, whereas 
arousal reflects the intensity or activation level of emotion 
(e.g., calm vs. excited) (Adelman and Estes 2013; Bradley 
and Lang 1994). Given that emotional content, whether 
negative or positive, is known to generate more elaborate 
memory traces than neutral content (Wardell and Palombo 
2024; Williams et al. 2022; Gao et al. 2024; Dolcos and 
Cabeza 2002; Harris and Pashler 2005; Adelman and Estes 
2013), the emotional richness of VR could further facili-
tate successful memory retrieval (Gupta et al. 2025). This 
phenomenon is referred to as the emotional enhancement 
effect, which means that emotional experiences are often 
remembered better than neutral ones (Chainay et al. 2012; 
Hamann 2001). In fact, the study by Schöne and colleagues 
(2019a) revealed a higher positive correlation between the 
mood experienced after the motorcycle ride and the perfor-
mance in the recognition task in the VR-encoding group 
than in the 2D-encoding group. This suggests that the same 
scenario might have evoked more emotionally profound 
experiences in VR than in 2D, which could have led to the 
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successful retrieval of VR experiences. Could the emo-
tional enhancement effect on memory be more pronounced 
for VR-encoded scenes than for 2D events? Two studies 
examined the emotional enhancement effect on memory 
for objects encoded in VR (Cadet et al. 2021; Cadet and 
Chainay 2020). They found better performance for the 
immediate recall of emotionally connotated objects previ-
ously presented in VR, compared to neutral objects. How-
ever, the emotional valence was determined by a separate 
pre-test sample in these studies. Therefore, the emotional 
enhancement effect for VR and 2D scenes still remains to be 
investigated by considering the actual emotional responses 
of the participants who performed the memory task.

In sum, previous studies have primarily focused on the 
differences in encoding contexts by comparing 2D and VR 
presentations, and did not assess participants’ actual emo-
tional responses during encoding. Moreover, the interac-
tion between emotional enhancement effects and retrieval 
context has not yet been systematically examined across 
different presentation modes. Our study addresses this gap 
by providing a more comprehensive understanding of how 
incidentally learned, emotional content, as indexed by sub-
jective valence and arousal ratings during encoding, influ-
ences subsequent recognition performance and confidence 
in encoding-congruent and -incongruent contexts. Gain-
ing insight into the interplay between encoding modality, 
emotional experience, and retrieval context could guide the 
design of immersive technologies for more effective learn-
ing and therapeutic interventions (Kredlow et al. 2018). For 
instance, in VR exposure therapy, which is used to treat anx-
iety disorders and post-traumatic stress disorder, patients 
are gradually exposed to fear-inducing stimuli in immersive 
virtual environments, with the goal of transferring learned 
coping strategies to the real world (Carl et al. 2019; Diemer 
et al. 2014; Gonçalves et al. 2012; Kothgassner et al. 2019; 
Schröder et al. 2023; Shahid et al. 2024; Wong et al. 2023; 
Wu et al. 2021). Similarly, VR-based emotion regulation 
training places individuals in emotionally evocative yet 
controlled scenarios to help them practice reappraisal or 
emotional distancing techniques (Montana et al. 2020; Roa 
and Rodríguez 2024; Yu et al. 2023). The success of such 
interventions depends on the reliable retrieval of insights 
acquired during VR sessions in contexts that differ from the 
original encoding context.

Therefore, we designed the present study with two objec-
tives: 1) the investigation of transfer costs for VR- and 2D 
screen-encoded scenes (as indicated by a lower context con-
gruency effect in memory), and 2) the valid investigation 
of the emotional enhancement effect in VR and 2D presen-
tation contexts. The study consisted of an encoding phase, 
in which each participant rated both VR experiences and 
2D scenes in terms of emotional valence and arousal, and 

an unannounced old-new recognition task and confidence 
rating on the following day. Half of the participants com-
pleted the recognition task on a 2D screen, while the other 
half completed it in VR. Thus, retrieval context was intro-
duced as the only between-subjects factor. We compared 
the recognition performance and the recognition confi-
dence for each emotional category, encoding context (VR, 
2D screen) and retrieval context (congruent, incongruent 
with encoding). We assumed that memory would gener-
ally be better if encoding and retrieval contexts for a scene 
remain congruent compared to situations where a transfer 
between contexts is necessary (Hypothesis 1). Importantly, 
we hypothesized that VR experiences form more robust 
memory traces and should thus produce less pronounced 
transfer effects compared to scenes that were encoded in 
2D but are later revisited in VR (Hypothesis 2). Finally, we 
expected a more intense emotional response to VR content 
compared to 2D content and hypothesized that this creates 
more robust memory for emotional VR compared to emo-
tional 2D scenes, which should be reflected in an interaction 
between encoding presentation mode and emotional content 
(Hypothesis 3). In general, we expected emotional content 
to be better recognized than neutral content.

2  Methods

2.1  Participants

Based on the effect of the encoding presentation mode 
reported in a previous study (Schöne et al. 2019b), an 
a priori power analysis was conducted. We conducted 
separate calculations for each retrieval condition (2D and 
VR) under the assumption of a within-subjects design to 
ensure sufficient power to detect the VR superiority effect 
within each retrieval group, which suggested a required 
sample size of n = 23 per group (d = 0.713, α = 0.05, Power 
(1—β) = 0.95). To avoid overestimating the reported effect 
size, the planned sample size was set to 30 in each of the 
two retrieval groups. All 60 participants (2D retrieval group: 
n = 30; age: M = 23.80  years, SD = 1.85  years, 12 women, 
18 men, 27 right-handed; VR retrieval group: n = 30; age: 
M = 24.60  years, SD = 2.65  years, 17 women, 13 men, 28 
right-handed) were healthy non-psychology students with 
normal or corrected-to-normal vision. In case participants 
needed a visual aid, they wore contact lenses to ensure the 
optimal fit of the VR goggles. None of them reported a his-
tory of neurological or psychological disorders. Exclusion 
criteria were a current influence of strong fatigue, medica-
tion, alcohol or other drugs that could possibly interfere 
with cognitive processes. Since the use of VR technology 
is considered to sometimes elicit motion sickness (Parsons 

1 3

Page 3 of 17     85 



Virtual Reality           (2026) 30:85 

target stimuli used in the recognition task were presented in 
random order and were matched for visual similarity across 
the three Predetermined Valence conditions in a pilot study 
(see also ​h​t​t​p​​s​:​/​​/​o​s​f​​.​i​​o​/​8​​2​7​j​t​​/​?​v​​i​e​w​​_​o​n​​l​y​=​​c​c​2​5​​1​1​​e​c​3​​6​f​f​4​​
6​8​f​​b​2​c​​9​d​8​e​c​7​4​2​4​8​6​4​3). For the VR recognition task (VR 
retrieval group), the same old-new stimuli were presented 
in VR, and participants could fully explore them by mov-
ing their heads. In both retrieval conditions, the content 
was 360° in nature; however, only the VR retrieval group 
allowed immersive viewing through head movements.

Note that in VR, participants freely explored the scene 
during the encoding phase. The perception of the scene 
depended on the head movements, which were likely to 
differ between encoding and retrieval phases, even for the 
same participant. For 2D-encoding and retrieval, we intro-
duced variation in the scene display by switching from a 
large video projection to a smaller computer screen for the 
two sessions (Fig.  1). This was done to approximate the 
inherent variability of visual input in the VR condition, 
where participants freely explored the scenes through head 
movements and thus experienced slightly different view-
points during encoding and retrieval.

2.3  Experimental design

The study comprised a fully-crossed 3 (subjective 
valence) × 2 (encoding context) × 2 (retrieval context) 
mixed design. Each participant assessed the subjective 
valence (negative, neutral, positive) for each scene during 
the encoding phase and experienced each encoding context 
(VR, 2D). While the order of the encoding scenes was ran-
domized per participant, the order of the two encoding pre-
sentation modes of the scenes was counterbalanced across 
participants in a block design; one half of the participants 
started with the VR presentation, the other half started 
with the 2D presentation. The retrieval context (congruent, 
incongruent to encoding context) was implemented as a 
between-subjects factor with participants being evenly and 
randomly assigned to the two retrieval groups to complete 
the recognition task in the respective context. To clarify, 2D 
refers to monoscopic presentation (encoding: video projec-
tion, retrieval: laptop screen), and VR refers to stereoscopic 
immersive presentation via a head-mounted display.

In a previous first pilot study, a different sample (n = 30, 
age: M = 23.9  years, SD = 2.75  years, 15 women, 15 men, 
27 right-handed) rated all scenes in terms of valence and 
arousal using a digital version of the 5-point Self-Assess-
ment Manikins (SAM) (Bradley and Lang 1994). The 
pilot study provided a first impression of the approximate 
valence (negative, neutral, positive Predetermined Valence) 
of the scenes and thus allowed for an approximate counter-
balancing of the valence conditions across the presentation 

2015), participants who reported a vulnerability for motion 
sickness (e.g., regular experience of motion sickness while 
traveling) were excluded from participation. All participants 
received a monetary reward of €12 (for 1.5 h).

The study was approved by the local ethics committee of 
the Georg-August-University Göttingen (file number 238), 
complied with the standards of the Declaration of Helsinki 
(1964), and was preregistered with the Open Science Frame-
work (2D retrieval group: Wessels et al. 2019a: osf.io/fujpr; 
VR retrieval group: Wessels et al. 2019b: osf.io/z76sj).

2.2  Material and apparatus

The experiment consisted of two parts, an encoding ses-
sion and a retrieval session, which took place in two dif-
ferent rooms. In the encoding session, 2D and VR dynamic 
panoramic scenes were presented. 2D scenes were large 
monoscopic video projections on a white wall (video size: 
88 cm × 173 cm, visual angle: 61.64° × 25.87°). VR scenes 
were stereoscopic immersive presentations via a head-
mounted display (Oculus Rift Developer Kit 2; resolu-
tion: 1920 × 1080 pixels, 960 × 1080 pixels per eye, field 
of view: 100°). The tracking system of the head-mounted 
display enabled the participants to fully experience the pre-
sented virtual scenes through 360° head movements. The 
encoding session, including the presentation of 2D and VR 
scenes, was implemented with Unity (version: 2018.2.15). 
The presented audiovisual scenes (s = 48, see also Appendix 
Table A1) of the encoding session were selected from the 
Library for Universal Virtual Reality Experiments (luVRe) 
(Schöne et al. 2021). The luVRe database includes various 
4K scenes, standardized to a duration of 30  s, which can 
be projected either as a stereoscopic scene in VR or as a 
2D scene. Auditory signals were played using two Sam-
son MediaOne 4a Active Studio loudspeakers. The scenes 
were selected in a pilot study and aimed to balance the three 
valence categories across the encoding contexts. The proce-
dure is described in detail in the report on the pilot study (​
h​t​t​p​​s​:​/​​/​o​s​f​​.​i​​o​/​8​​2​7​j​t​​/​?​v​​i​e​w​​_​o​n​​l​y​=​​c​c​2​5​​1​1​​e​c​3​​6​f​f​4​​6​8​f​​b​2​c​​9​d​8​e​
c​7​4​2​4​8​6​4​3).

In the retrieval session, the 2D recognition task (2D 
retrieval group) comprised the presentation of static pan-
oramic (360°) images (s = 96) on a laptop screen (image 
size: 1280 × 600 pixels, screen size: 28.5 × 17.9 cm, screen 
resolution: 2560 × 1600 pixels, approx. viewing distance: 
50  cm) and was implemented using PsychoPy (version: 
1.85.4). Half of the static images were target stimuli depict-
ing a static frame from a previously presented scene (“old”). 
The other half were distractor stimuli depicting a static frame 
of a scene, which was not presented in the encoding session 
and was hence “new” to the participants. Distractor stimuli 
were also derived from the luVRe database. Distractor and 
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detect a potential VR superiority effect. The participants and 
the experimenter in the encoding session were blind to the 
hypotheses, as neither the encoding session nor the retrieval 
session was announced as such. Two different experimenters 
conducted the recognition task of the retrieval session, who 
were not blinded to the hypotheses to be able to fully debrief 
the participants after the study. Prior to the start of both ses-
sions, all participants gave written informed consent.

Before testing, participants were informed that the study 
was divided into two sessions on two consecutive days. At 
the beginning of the encoding session, participants com-
pleted demographic questions. Afterwards, they were seated 
on a swivel chair and watched 48 scenes (24 VR and 24 
2D scenes). Participants were tasked to explore the scenes 
and evaluate them regarding their emotional perception to 
ensure incidental learning. The experimenter explained that 
they would watch some scenes in VR and some via a large 
video projection. Participants rated each scene in terms of 
Subjective Valence and Subjective Arousal, using the digital 
5-point SAM scales. This approach allows us to disentangle 
how each participant perceived each stimulus (Kensinger 
2009; Zaki and Ochsner 2009). At the end of the encod-
ing session, participants were reminded about the upcoming 

mode conditions. More precisely, we distributed the 16 
negative, 16 neutral and 16 positive scenes (as determined 
in the pilot study, ​h​t​t​p​​s​:​/​​/​o​s​f​​.​i​​o​/​8​​2​7​j​t​​/​?​v​​i​e​w​​_​o​n​​l​y​=​​c​c​2​5​​1​1​​
e​c​3​​6​f​f​4​​6​8​f​​b​2​c​​9​d​8​e​c​7​4​2​4​8​6​4​3) equally between the two 
encoding presentation modes. However, we would like to 
put emphasis on the relevance of the individual emotional 
experience when investigating emotion-related memory 
processes (Kensinger 2009) and thus consider the valence 
of the stimuli subjectively perceived by each participant as 
more important in the main experiment.

2.4  Procedure and task

The encoding session and the retrieval session were con-
ducted on two consecutive days with an approximate time 
interval of 24  h in between. While prior studies, such as 
Schöne et al. (2019b), used a 48 h delay, our study differed 
methodologically; instead of a single immersive event (a 
VR motorcycle ride), our participants encoded 48 distinct 
scenes of varying emotional valences. Given the increased 
cognitive demand of recalling multiple unrelated scenes, we 
opted for a shorter retention interval (24 h) to facilitate rec-
ognition. This adjustment aimed to optimize conditions to 

Fig. 1  Schematic illustration of the experimental setup of the encod-
ing (left) and the subsequent retrieval session (right). In the encoding 
session, all participants rated emotional VR and 2D scenes in terms of 
valence and arousal (stimuli derived from the luVRe database). The 
VR scenes were presented via a head-mounted display. The 2D scenes 

were large monoscopic video projections. In the subsequent retrieval 
session, all participants underwent an unannounced recognition task. 
Half of the participants were presented with the stimuli using a laptop 
screen, while the other half completed the recognition task in VR
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of 0.05 were used as the cut-off for statistical testing. Note 
that we did not exclude any data points as outliers.

2.6  Analyzing presentation mode congruency 
effects

To evaluate the recognition performance as a function of 
Encoding Presentation Mode and Retrieval Context (VR, 
2D), we used the sensitivity measure (d’), which accounts 
for the participant’s response bias driven by non-experimen-
tally controlled influences (Nevin 1969). For each partici-
pant, each trial of the recognition task was scored as a hit, 
correct rejection, miss, or false alarm. We calculated sums 
of hits, correct rejections, misses, and false alarms per com-
bination of Participant, Encoding Presentation Mode (VR, 
2D) and Retrieval Context (congruent, incongruent). The hit 
rate was the number of correct old-judgments divided by 
the number of target stimuli in the respective condition. The 
false alarm rate was calculated as the number of incorrect 
old-judgments divided by the number of distractor stimuli in 
the respective condition. The sensitivity (d’) was calculated 
according to the signal detection theory (Green & Swets 
1966) with d′ = z (hit rate) − z (false alarm rate). A 
loglinear correction was applied to hit and false alarm rates 
in order to also calculate the sensitivity from 100% hit or 
false alarm rates (Hautus 1995). The effects of Encoding 
Presentation Mode (VR, 2D) and Retrieval Context (con-
gruent, incongruent) on the sensitivity were modeled using 
the lme() function from the nlme R package (Pinheiro et 
al. 2019). The linear mixed-effects model included the fixed 
effects Encoding Presentation Mode and Retrieval Context 
as main and interaction effects. The predictor Participant 
was added as a random intercept to account for interindi-
vidual differences.

We generated a second linear mixed-effects model to 
analyze the recognition confidence, using the same two 
predictors and the same random effect as in the sensitivity 
model. We aggregated confidence ratings per participant 
and condition, and used mean confidence as continuous 
outcome measure in the model. The analysis of the recog-
nition confidence was originally planned for all target tri-
als but was slightly adapted and restricted to hits to focus 
on the confidence for successful memory recall. Based on 
the parameters of the sensitivity and the recognition confi-
dence model, we computed two analyses of variance (Type 
III), using the anova() function from the stats R package (R 
Core Team 2020). We followed up significant effects of both 
models with two-tailed contrasts with model-based standard 
errors, using the glht() function with Bonferroni correction 
from the multcomp R package (Hothorn et al. 2008).

second session on the following day and were asked not 
to consume alcohol or other drugs until then. The experi-
menter explained that the participants would evaluate addi-
tional scenes in the second session.

In the retrieval session on the following day, partici-
pants were first informed about the upcoming recognition 
task. They were instructed to categorize 96 presented static 
images as “old” or “new” as precisely and as fast as pos-
sible by button press in a forced choice old-new judgment 
task. While an old response indicated that the static image 
was recognized from a scene presented in the encoding ses-
sion, a new response indicated that the static image was 
not recognized from a scene presented in the encoding ses-
sion on the previous day. In case they were unsure of the 
answer, they were asked to respond intuitively. The experi-
menter specifically asked the participants whether they had 
expected a memory task, which none of them did. Prior to 
the start of the recognition task, participants completed four 
training trials with non-experimental material.

Each trial started with a screen reminding the partici-
pants to place their fingers on the marked keys. After a blank 
screen and a 1000  ms fixation cross, a static image was 
depicted for a maximum duration of 3000 ms. In case par-
ticipants did not respond within the stimulus presentation 
interval, a blank screen was shown after the static image 
presentation. The blank screen was introduced to standard-
ize stimulus viewing times. If a participant did not respond 
within the fixed presentation window, the blank screen 
allowed them to provide their response without additional 
stimulus viewing, which ensured uniform exposure duration 
across trials. After participants categorized a static image 
as old or new, they also rated how confident they were in 
the respective old-new judgment. The 4-point recognition 
confidence scale ranged from “very unconfident” (1, Ger-
man: “sehr unsicher”) to “very confident” (4, German: “sehr 
sicher”). At the end of the experiment, the experimenter 
thanked the participants, issued the monetary reward and 
debriefed them about the goal of the experiment. Due to a 
programming error in the VR recognition task, the presenta-
tion of the last static image was missing for 21 participants 
in the VR retrieval group. At the end of the retrieval session, 
all participants received a full debriefing about the study’s 
objectives and hypotheses.

2.5  Data analyses

In the following two sections, we present the analyses used 
to evaluate our hypotheses, each with respect to recogni-
tion performance and recognition confidence. All statistical 
analyses were performed using R Studio (version: 1.3.959, 
R version: 3.6.3) (RStudio Team 2020). Standard p-values 
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a quadratic term for the comparison of the two emotional 
levels (negative and positive) with the neutral level in line 
with the emotional enhancement effect.

The covariate Subjective Arousal was group-mean cen-
tered to account for differences in arousal ratings between 
the three valence conditions. This approach ensured that 
the effect of valence on recognition performance and con-
fidence was not confounded by variations in arousal. While 
it was likely that arousal ratings differed between negative, 
neutral, and positive stimuli, our hypotheses focused spe-
cifically on effects of valence (and of presentation mode/
retrieval context) but not of arousal. As a result, we did not 
assess arousal as an independent predictor.

To account for the unbalanced data in the Subjective 
Valence and Subjective Arousal ratings, we conducted Type 
II Wald chi-square tests on the parameters of the accuracy 
model including these two predictors. This was done using 
the Anova() function from the car R package (Fox and Weis-
berg 2019). We followed up significant effects with two-
tailed contrasts with model-based standard errors, using the 
glht() function with Bonferroni correction from the mult-
comp R package (Hothorn et al. 2008).

Using the same three predictors and random effects as in 
the accuracy model, we computed a cumulative link mixed-
effects model to study effects on the recognition confidence 
for trials scored as hits. As this model was based on single 
trials, recognition confidence was included as an ordinal 
outcome variable (levels = 1, 2, 3, 4) in the model. It was 
implemented using the clmm() function from the ordinal R 
package. Follow-up comparisons were conducted using ref-
erence coding, with the neutral valence condition specified 
as the reference level.

3  Results

We hypothesized that scenes encoded in one presentation 
mode would generally be recognized better and with higher 
confidence when presented in the congruent presentation 
mode during the retrieval phase (context congruency effect, 
Hypothesis 1). In addition, we hypothesized that this context 
congruency effect would be lower for the VR- than for the 
2D-encoded scenes because transfer costs could be lower 
for scenes incidentally learned in VR (Hypothesis 2). More-
over, we expected an emotional enhancement effect and 
therefore hypothesized that scenes subjectively perceived as 
emotional (negative, positive) would be recognized better 
and with higher confidence, particularly for scenes viewed 
in VR (Hypothesis 3). These hypotheses are evaluated in the 
following sections.

2.7  Analyzing effects involving the individually 
rated emotional content

To evaluate whether the encoding presentation mode and 
the emotional content interact with respect to memory per-
formance, we considered the Subjective Valence and Subjec-
tive Arousal in the second part of the analyses. Note that we 
have planned further analyses (e.g., to investigate the influ-
ence of the pre-rated emotional valence of the scenes, as 
determined in a pilot study based on ratings of other partici-
pants). Nonetheless, we refrain from testing them, because 
the valence ratings were largely inconsistent between 
this and the pilot study, as revealed by a Cohen’s κ = 0.05 
between Predetermined and Subjective Valence. Instead, we 
focused on the effects of Subjective Valence and Arousal, as 
indicated by the main study sample, which was assumed to 
be relevant for the individual memory processes.

Since the participants only indicated their emotional rat-
ings for the presented scenes of the encoding phase, but not 
for the distractor stimuli, it was not possible to determine 
the false alarm rates for the different emotional categories. 
Therefore, we could not apply signal detection theory and 
utilize the sensitivity measure d’ to quantify memory per-
formance in this part of the analyses. Instead, we used the 
accuracy defined as a binary outcome measure with correct 
(hits = 1) and incorrect (misses = 0) responses in single tar-
get trials only. Based on the individual valence and arousal 
ratings of both retrieval groups, we created a generalized 
linear mixed-effects model with the fixed effects Encoding 
Presentation Mode (2D, VR), Subjective Valence (nega-
tive, neutral, positive) and Subjective Arousal (continuous) 
to evaluate the interaction between encoding presentation 
mode and emotional valence. The model was implemented 
using the glmer() function from the lme4 R package (Bates 
et al. 2015). The model also included Participant and Stimu-
lus as random intercepts. Participant was included as a ran-
dom intercept in the analyses because the inter-individual 
variability was expected to influence the results. We added 
Stimulus as an additional random effect in the models, for 
which variability between scenes was also expected (e.g., 
for different emotional valences). That is, we included Stim-
ulus as an additional random effect when valence served as 
predictor.

We assigned the values 1 & 2, value 3 and values 4 & 5 of 
the 5-point SAM valence scale to the levels negative, neu-
tral, and positive of the factor Subjective Valence, respec-
tively. The 5-point Likert scale was recoded into a 3-point 
scale to ensure a sufficient number of trials per condition 
and enhance statistical power. This approach preserved dis-
tinctions between negative, neutral, and positive valence 
categories. In addition, we applied a polynomial contrast 
for Subjective Valence, such that the model also included 
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58) = 8.13, p = 0.006, η2
p = 0.12 (see also Appendix Table 

A3). For 2D-encoded scenes, confidence was higher in 
the congruent than in the incongruent condition, z = 4.60, 
p < 0.001, d = 0.51, while no such difference was found to 
be significant for VR-encoded scenes, z = 0.08, p > 0.999. 
No significant main effect of encoding presentation mode 
emerged, F(1, 58) = 0.22, p = 0.638.

Taken together, scenes encoded in a 2D presentation 
mode were recognized both more accurately and with 
higher confidence when the retrieval context was congru-
ent compared to incongruent. In contrast, this congruency 
benefit was not observed for scenes encoded in VR (partial 
support of Hypothesis 1). Notably, recognition performance 
and confidence for VR-encoded scenes did not significantly 
decrease in the incongruent condition, suggesting a reduced 
sensitivity to contextual congruence (support of Hypothesis 
2). Overall, recognition performance and confidence were 
similar across presentation modes (VR sensitivity: M = 1.32, 
SD = 1.39, confidence: M = 3.07, SD = 0.51; 2D sensitivity: 
M = 1.35, SD = 0.98, confidence: M = 3.10, SD = 0.45).

3.2  Effects of subjectively perceived emotion

Figure 3 depicts the mean accuracy in target trials and the 
recognition confidence in hit trials as a function of encod-
ing presentation mode and subjective valence. With respect 
to accuracy, the emotional enhancement effect was descrip-
tively evident for 2D-encoded scenes (negative: M = 0.67, 
SD = 0.25; neutral: M = 0.63, SD = 0.24; positive: M = 0.67, 

3.1  Effects of presentation mode on recognition 
performance and confidence

Figure 2 shows the sensitivity (d’) as a function of encod-
ing presentation mode (VR, 2D) and retrieval context (con-
gruent, incongruent to encoding). For 2D-encoded scenes, 
recognition sensitivity was descriptively higher in the con-
gruent context (M = 2.06, SD = 0.49) than in the incongru-
ent retrieval context (M = 0.64, SD = 0.82). For VR-encoded 
scenes, this pattern was reversed: sensitivity was higher in 
the incongruent (M = 1.67, SD = 0.43) than in the congru-
ent retrieval context (M = 0.97, SD = 1.87). A linear mixed-
effects model on the mean sensitivity revealed a significant 
main effect of retrieval context, F(1, 58) = 6.97, p = 0.011, 
η2

p = 0.11, as well as a significant interaction with encod-
ing presentation mode, F(1, 58) = 19.14, p < 0.001, η2

p = 0.25 
(see also Appendix Table A2). Follow-up contrasts indi-
cated that the congruency effect (i.e., better recognition for 
congruent vs. incongruent retrieval contexts) was only pres-
ent for 2D-encoded scenes, z = 5.11, p < 0.001, d = 0.95. In 
contrast, for VR-encoded scenes, recognition performance 
was higher in the incongruent condition, z = 2.50, p = 0.025, 
d = 1.01. No significant main effect of encoding presentation 
mode emerged, F(1, 58) = 0.06, p = 0.812.

A similar pattern was observed for the mean recogni-
tion confidence of hit trials. A linear mixed-effects model 
revealed a significant main effect of retrieval context, 
F(1, 58) = 14.70, p < 0.001, η2

p = 0.20, as well as a signifi-
cant interaction with encoding presentation mode, F(1, 

Fig. 2  Sensitivity as measured by d’ (left) and confidence (right) in the 
recognition task, both as a function of the encoding presentation mode 
(color) and the retrieval context (x-axis). Orange: VR-encoding. Blue: 

2D-encoding. Violin plots represent the data distribution; larger black 
outlined dots show condition means; individual participant means are 
shown as smaller filled dots

 

1 3

   85   Page 8 of 17



Virtual Reality           (2026) 30:85 

In sum, subjective emotional valence significantly influ-
enced both recognition accuracy and confidence. Scenes 
perceived as emotionally positive were better remembered 
and recognized with greater confidence than neutral scenes, 
consistent with the emotional enhancement effect. This pat-
tern did not significantly differ between encoding presenta-
tion modes, contrary to our expectation (partial support of 
Hypothesis 3).

3.3  Exploratory analyses

Additionally, we explored whether scenes viewed in VR 
were rated as more emotional (negative, positive) com-
pared to the same scenes viewed in 2D during the encod-
ing phase. This could potentially explain why the emotional 
enhancement effect was not significantly different between 
the two encoding presentation modes. For instance, if par-
ticipants tended to perceive VR scenes as more emotional 
(negative, positive) than the same scenes in 2D, the emo-
tional enhancement effect might overshadow the effect of 
the encoding presentation mode on memory. To examine 
this exploratory hypothesis statistically, we fitted a gen-
eralized linear mixed-effects model, which included the 
binary outcome emotional rating (1 = emotional, 0 = neu-
tral), the fixed effect Encoding Presentation Mode (2D, 
VR) as well as Participant and Stimulus as random inter-
cepts to account for differences between participants and 
stimuli. Type II Wald chi-square tests on the parameters of 

SD = 0.24) and partially for VR-encoded scenes (negative: 
M = 0.66, SD = 0.24; neutral: M = 0.66, SD = 0.23; positive: 
M = 0.69, SD = 0.24). A generalized linear mixed-effects 
model on the accuracy in target trials revealed a significant 
main effect of the subjective valence, χ2(2) = 6.10, p = 0.047, 
ORlin = 1.21, ORquad = 1.04 (see also Appendix Table 
A4). Follow-up comparisons showed that participants iden-
tified targets significantly more accurately when the stimuli 
were rated as emotionally positive compared to neutral, 
z = 2.42, p = 0.047, OR = 1.26, compatible with the emotional 
enhancement effect. No other pairwise comparisons reached 
significance, all p > 0.090. Contrary to our hypothesis, nei-
ther the main effect of the encoding presentation mode, 
χ2(1) = 0.43, p = 0.431, nor the interaction with subjective 
valence were significant, χ2(2) = 3.40, p = 0.183.

Regarding recognition confidence, participants reported 
higher confidence for emotional than for neutral scenes – 
both for VR-encoded (negative: M = 3.02, SD = 0.53; neu-
tral: M = 2.89, SD = 0.55; positive: M = 2.92, SD = 0.56) and 
2D-encoded scenes (negative: M = 3.12, SD = 0.52; neutral: 
M = 2.87, SD = 0.55; positive: M = 2.93, SD = 0.45). The 
cumulative link mixed-effects model revealed a significant 
main effect of subjective valence (quadratic term), β = 0.27, 
SE = 0.11, z = 2.37, p = 0.018, OR = 1.31 (see also Appen-
dix Table A5). Follow-up contrasts confirmed significantly 
higher confidence ratings for positive than for neutral, 
z = 3.62, p < 0.001, OR = 1.51, and for negative valence, 
z = 2.22, p = 0.027, OR = 1.37.

Fig.  3  Accuracy (left) in target trials and confidence in hit trials 
(right) of the recognition task, both as a function of the individually 
rated emotional valence (color) and the encoding presentation mode 
(x-axis). Green: negative valence. Purple: neutral valence. Yellow: 

positive valence. Error bars in left panel show 95% confidence inter-
vals of the individual means. Black outlined dots show condition 
means in right panel. In both panels, individual participant means are 
shown as smaller filled dots
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4.1  Context congruency

Numerous studies have reported context congruency effects 
on both memory recall and recognition (Godden and Bad-
deley 1975, 1980; Murnane et al. 1999; Murnane and Phelps 
1993; Smith and Manzano 2010; Smith and Vela 2001). 
However, the current study showed that congruency in a 
(2D) presentation mode can also be effective as a contextual 
aid for incidental scene recognition. Despite employing a 
large projection for the implementation of 2D-encoding, the 
presentation mode featured a distinct spatial scene layout. 
Specifically, a salient element within the 2D scene might 
have been displayed at a particular spatial position, for 
instance, in the bottom left corner. This spatial arrangement 
could thus have allowed participants to utilize the scene lay-
out as a source of information during the 2D recognition 
task, potentially enhancing memory retrieval in congruent 
2D conditions. In contrast, the scene layout of a VR scene 
was much more complex because the content was distrib-
uted across three dimensions and a complete 360° spectrum. 
Participants who encoded a 2D scene might have had dif-
ficulty recognizing it in VR due to the challenge of mapping 
the learned 2D scene layout to the “new” three-dimensional 
VR scene, which could potentially explain the substantial 
transfer costs for scenes encoded in 2D but retrieved in VR. 
Even if they correctly recognized a 2D-encoded scene in 
the VR recognition task, participants indicated significantly 
lower recognition confidence. This highlights that the trans-
fer costs for content incidentally learned in 2D expanded to 
the subjective experience during retrieval.

When participants encoded a VR scene, they had to 
engage a more active exploration behavior to decipher the 
scene than was the case for the 2D presentation mode. In 
fact, the experimenters instructed the participants explic-
itly to turn their heads to explore the full scene. The rather 
active and self-referential exploration of VR scenes (Gupta 
et al. 2025; S. A. Smith 2019) could have promoted the 
consolidation of the spatial scene content, resulting in 
lower dependency on context congruency when retriev-
ing scenes encoded in VR. In line with this interpretation, 
recent research (Johnsdorf et al. 2025) suggests that the 
encoding demands imposed by three-dimensional content, 
particularly the need for active, self-directed exploration, 
are crucial for enhanced memory performance, compared 
to two-dimensional content – presumably independent of 
whether it is presented within a VR environment or on a 
conventional screen as in the present study. At the same 
time, free exploration in three-dimensional VR environ-
ments may introduce additional inter-individual variability, 
as participants differ in their exploration strategies, which 

the model confirmed that VR scenes were more likely to be 
rated as emotional (negative, positive) than when the same 
scenes were viewed as 2D video during the encoding phase, 
χ2(1) = 9.13, p = 0.003, OR = 1.24. Consequently, the emo-
tional enhancement effect could have mediated the effect of 
the encoding presentation mode on recognition performance 
and confidence. For the sake of completeness, we report the 
mean arousal ratings during VR- (M = 2.23, SD = 0.46) and 
2D-encoding (M = 1.98, SD = 0.44). However, we refrain 
from statistical testing because the experiment did not aim 
to evaluate the effect of arousal on memory processes and 
was therefore not designed as such (i.e., we did not aim to 
counterbalance different levels of arousal across the encod-
ing contexts).

4  Discussion

In the current study, all participants first underwent an 
encoding phase, in which they viewed emotional (positive, 
negative) and neutral scenes in both VR and 2D and rated 
each scene with respect to emotional valence and arousal. 
They completed an unannounced recognition task one day 
later. Half of the participants completed the recognition task 
in VR, while the other half completed it on a 2D screen. 
We measured the recognition performance and recognition 
confidence for each emotional category, encoding context 
(VR, 2D), and retrieval context (congruent, incongruent 
with encoding). Our results showed that a context congru-
ency effect occurred for scenes that participants encoded in 
2D. We observed that for scenes encoded in VR, the congru-
ency with the encoding presentation mode played a minor 
role, as participants managed to recognize the scenes in 
an incongruent retrieval context. For correctly recognized 
scenes (hits), participants were significantly more confident 
in the recognition of 2D-encoded scenes in the congruent 
than in the incongruent retrieval context. For VR-encoded 
scenes, the recognition confidence in hit trials did not vary 
significantly between the retrieval contexts. Furthermore, 
we found that participants recognized VR- and 2D-encoded 
scenes, which they had previously rated as emotional, better 
and more confidently than neutral scenes, compatible with 
the emotional enhancement effect. In summary, our data 
support the idea that emotional content enhances recogni-
tion processes, irrespective of the presentation mode. How-
ever, it is crucial to note that the encoding of scenes in 2D 
enhanced memory processes on one hand but introduced a 
stronger context congruency effect on the other hand, while 
the encoding of scenes in VR depended less on context 
congruency.
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differ from the situations in which the acquired knowledge 
or skills are later applied. While education broadly targets 
understanding, reasoning, and domain-specific knowledge, 
and therapy aims at symptom reduction, functional improve-
ment, and emotion regulation, successful generalization 
across contexts partially relies on the retrieval of previously 
acquired experiences (Kredlow et al. 2018; Lane et al. 2015; 
Sarfan et al. 2023). In this regard, susceptibility to transfer 
costs may pose limitations for learning content that is bound 
to its original presentation context. Therapeutic interven-
tions, for example, often aim to support the application of 
coping strategies or emotional insights beyond the treat-
ment setting, which may depend in part on the robustness 
of memory representations (Harvey et al. 2016; Lane et al. 
2015). Our study suggests that VR settings could be more 
suitable in such cases due to higher emotional engagement 
and a lower mnemonic dependency on context congruency. 
This is particularly relevant in the context of VR exposure 
therapy, a widely used intervention for treating anxiety and 
post-traumatic stress disorders, where patients are gradu-
ally exposed to anxiety-provoking stimuli in immersive VR 
environments (Carl et al. 2019; Diemer et al. 2014; Gon-
çalves et al. 2012; Kothgassner et al. 2019; Schröder et al. 
2023; Shahid et al. 2024; Wong et al. 2023; Wu et al. 2021). 
The generalization of coping strategies from the virtual to 
the real world, which is a core aim of VR-based exposure 
therapy, will benefit from less context-independent memory 
traces. Also, VR-based emotion regulation training, which 
places participants in emotionally evocative but controlled 
environments to practice techniques such as reappraisal or 
emotional distancing, have shown to be effective (Mon-
tana et al. 2020; Roa and Rodríguez 2024; Yu et al. 2023). 
Thus, successful application of VR therapy could be par-
tially related to robust memory formation and may therefore 
foster the transfer to the real world (Bonnail et al. 2024; 
Kisker et al. 2020; Martarelli et al. 2023). In addition, our 
study also shed light on the subjective confidence in mem-
ory retrieval. In the context of psychological disorders, suc-
cessful memory retrieval accompanied by a robust level of 
confidence could align well with effective therapeutic out-
comes. In contrast, the specificity of incidentally learned 
content to the 2D presentation mode context, such as recog-
nizing scenes from a movie seen in a cinema, may be better 
suited for retrieval in a similar 2D presentation mode, such 
as when watching at home on a TV screen. While the latter 
case may have limited relevance in many learning contexts, 
the overall message is clear: designing learning settings 
that maximize the probability of successful transfer to new 
situations requires careful consideration of the presentation 
mode. VR environments may offer advantages in creating 
robust memories of dynamic emotional scenes applicable 

could explain the substantial variability observed particu-
larly in the congruent VR encoding and retrieval condition 
in this study.

The hypothesis that active scene exploration is crucial 
for a VR-encoding advantage in memory to occur would 
be compatible with the study by Johnsdorf et al. (2023b) 
and Kulke and Pasqualette (2024), in which no significant 
superiority effect emerged for a passive VR-based learning 
task of a spatial arrangement of buildings and an electroen-
cephalography training, respectively. Notably, our data also 
showed a higher recognition performance for VR-encoded 
scenes in the incongruent 2D recognition task compared 
to the congruent one. This difference might be attributed 
to a generally lower difficulty in evaluating stimuli in the 
2D recognition task. However, even among correctly rec-
ognized VR-encoded scenes, participants reported similar 
levels of recognition confidence for both retrieval contexts. 
Consequently, the subjective experience during the recog-
nition of VR-encoded scenes remained largely unaffected 
by the retrieval context, indicating that the VR presentation 
mode serves less as a contextual aid for incidental scene 
recognition when compared to the 2D presentation mode. 
Instead, our findings suggest that the recognition of learn-
ing content encoded in VR exhibited remarkable resilience 
against changes in the retrieval context.

While recognition confidence for VR-encoded scenes 
appeared stable across contexts, our findings still cannot 
distinguish whether this reflects genuinely a more vivid 
memory representation or results from potentially medi-
ating factors such as a greater sense of presence. In line 
with previous studies (Johnsdorf et al. 2023a; Kisker et al. 
2019b), it is possible that VR-encoding directly enhanced 
vivid and recollective processing. At the same time, higher 
immersion such as in VR exhibits a stronger feeling of pres-
ence than lower immersion (Diemer et al. 2015; Kuhne et 
al. 2023), which may indirectly facilitate mnemonic pro-
cesses (Makowski et al. 2017). However, findings by Cadet 
and Chainay (2020) suggest that while immersion in VR 
increases presence and interacts with emotional experience, 
it does not directly enhance memory performance. Instead, 
they found that the emotional enhancement of memory 
emerged primarily in immersive VR conditions, implying 
that emotion – rather than presence or immersion alone – 
might play a more critical role in modulating memory within 
VR. Future research should explicitly investigate these pos-
sibilities, for instance, by varying different levels of immer-
sion within VR and disentangling the effects of immersion, 
emotion, and presence on memory outcomes.

The implications of the study highlight the potential chal-
lenges associated with transferring content learned in 2D to 
diverse (three-dimensional) contexts. In educational and 
therapeutic settings, learning often occurs in settings that 
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evaluation (Rocabado and Duñabeitia, 2024). Nevertheless, 
our data do not provide strong evidence that VR directly 
enhances encoding depth beyond its effects on emotional 
perception. Thus, further investigation is needed to deter-
mine whether VR enhanced memory encoding directly, or 
if it primarily enhanced emotional perception (Gupta et al. 
2025; Riva et al. 2007), which in turn improved memory 
retrieval. Similarly, the richer sensory input and the need for 
active exploration in VR (van Helvoort et al. 2020) could 
have imposed a higher cognitive load (i.e., the amount of 
mental effort required to process information) compared 
to the more passive experience of 2D, which could have 
enhanced emotional engagement at the same time. Finally, 
habituation (i.e., becoming accustomed to stimuli) could 
have been relevant in this regard. More precisely, partici-
pants unfamiliar with VR may have experienced novelty 
effects with elevated emotional responses specific to this 
presentation mode.

Future studies should aim to disentangle whether the 
emotional enhancement effect observed in our study is 
directly driven by a deeper encoding or primarily intensified 
emotional perception at the time of encoding. For instance, 
by controlling perceived emotional intensity across presen-
tation modes and by including neurophysiological measures 
(e.g., EEG or skin conductance; Gupta et al. 2022) to assess 
encoding-related physiological activity beyond behavioral 
outcomes.

From a practical point of view, it would be beneficial to 
design learning content in such a way that it elicits a (posi-
tive) emotional response, which may be easier in VR, to 
facilitate successful memory retrieval in the future. Note, 
however, that in our study we used each participant’s sub-
jective emotional ratings for the scenes as a predictor, which 
varied between the participants and deviated from the rat-
ings obtained from another sample in our pilot study. This 
demonstrates the need to investigate how (positive) emo-
tions can be reliably elicited for a large population or for 
specific subsamples.

4.3  Limitations

Although the present study provides valuable insights, it is 
not without limitations. Firstly, the recognition assessment 
was limited to a 24 h interval, restricting the generalizability 
of our results to relatively short retention periods. Future 
investigations should explore how these findings extend to 
longer retention intervals (e.g., multiple days; Schöne et al. 
2019b), as such durations are often more pertinent in learn-
ing contexts. Additionally, our study employed only two 
presentation modes, namely 2D and VR, with speculative 
implications for real-world transfer. As some studies sug-
gest similar emotional and mnemonic processes in VR and 

across diverse (real-world) scenarios, making them a valu-
able tool in educational and therapeutic contexts.

4.2  Emotional enhancement effect

The subjective emotional ratings of the scenes were sig-
nificantly related to the participants’ performance and con-
fidence in recognizing them the following day, consistent 
with the emotional enhancement effect (Adelman and Estes 
2013; Dolcos and Cabeza 2002; Harris and Pashler 2005; 
Kensinger 2009). Specifically, participants recognized 
scenes that they had previously evaluated with a positive 
valence with greater accuracy and confidence than scenes 
they had assessed neutrally. Negative scenes were not rec-
ognized significantly better than neutral scenes in our study. 
Hence, the emotional enhancement effect with respect to 
the (objective) performance measure was only observed 
for the positive emotional valence. This finding is in line 
with a number of studies, such as the study by Erk et al. 
(2003), who found positive words to be better memorized 
than negative or neutral words, and the study by Chainay 
et al. (2012), who showed that incidentally learned positive 
pictures could be better recognized than negative or neutral 
stimuli. Nonetheless, for correctly recognized scenes, par-
ticipants felt substantially more confident about their recog-
nition judgment for both positive and negative scenes than 
for neutral scenes. Thus, the emotional enhancement effect 
occurred for both emotional valences on the subjective 
measure. In sum, this shows that the subjectively perceived 
emotional content is an important predictor for successful 
memory retrieval.

Contrary to our expectations, the emotional enhancement 
effect did not significantly vary between the two encoding 
presentation modes. However, participants rated VR scenes 
significantly more often as emotional (negative, positive 
valence) than 2D videos. This suggests that evoking an 
emotional response may be more likely in VR than in a 2D 
format, potentially due to higher immersion in VR (Kuhne 
et al. 2023; Pavic et al. 2023). Increased immersion may 
intensify emotional responses by creating a greater sense 
of presence. This idea aligns with findings from Cadet and 
Chainay (2020), who demonstrated that immersion through 
the use of a head-mounted display was associated with 
increased emotional responses and a greater sense of pres-
ence. Interestingly, they found no direct effect of immersion 
on memory performance, while the emotional enhance-
ment effect on memory only emerged in the VR but not 
in the computer screen condition. It should be mentioned 
that immersion as a possible influence on the emotional 
enhancement effect may apply to realistic scenes but poten-
tially not to all stimuli presented in VR. Linguistic stim-
uli, for example, tend to be more stable in their emotional 
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not further explore interindividual variability in emotional 
responses to VR versus 2D, as this would require a larger 
sample to yield reliable conclusions. Future studies should 
explore how interindividual differences in emotional states 
and traits may interact with memory processes in VR.

4.4  Conclusion

In summary, this study showed that a context congruency 
effect occurred for scenes learned in 2D, while content 
learned in VR could be retrieved reliably and confidently 
in an incongruent retrieval context. Furthermore, the study 
revealed the important effects of (positive) emotional con-
tent on learning success. The findings have practical impli-
cations: learning success can be improved by considering 
context effects and by utilizing (positive) emotional content, 
the latter possibly being easier in VR.

Appendix

See Tables 1, 2, 3, 4 and 5

Appendix

Table 1  Predetermined Valence category based on pilot study (​h​t​t​p​​s​:​/​​/​
o​s​f​​.​i​​o​/​8​​2​7​j​t​​/​?​v​​i​e​w​​_​o​n​​l​y​=​​c​c​2​5​​1​1​​e​c​3​​6​f​f​4​​6​8​f​​b​2​c​​9​d​8​e​c​7​4​2​4​8​6​4​3) for all 
encoding scenes derived from the LuVRe database. A Valence value of 
1, 2 and 3 represents a negative, neutral and positive Valence category, 
respectively
Video Predetermined Valence
x_1002 3
x_1008 1
x_1011 1
x_1106 1
x_1201 2
x_1307 2
x_1502 1
x_1609 3
x_1613 3
x_1802 1
x_1908 2
x_2003 1
x_0202 2
x_2104 2
x_2105 2
x_2202 2
x_2303 1
x_2306 1
x_2310_2 1
x_2502 1
x_2603 3

real-world conditions (Kisker et al. 2019a; Schöne et al. 
2023), but others report differences at least for intentionally 
learned content (Monaro et al. 2024), future research should 
test real-world conditions to determine whether incidental 
emotional memories generated in VR can be easily trans-
ferred to real-world scenarios.

Another constraint of the study is the lack of control over 
how participants visually explored the scenes. In the VR-
encoding context, participants freely explored the scenes, 
such that their perception of the scene depended on their 
head movements. These movements were likely to differ 
between encoding and retrieval phases, even within the 
same participant. This presumably introduced variability in 
how the visual information was processed across sessions. 
In the 2D conditions, we attempted to introduce a change in 
context by presenting the encoding scenes on a large video 
projection and the retrieval scenes on a standard computer 
screen. However, the visual layout remained fixed, unlike 
the self-directed exploration in VR. These differences in 
scene interaction and visual dynamics may have influenced 
memory performance and should be carefully controlled or 
systematically manipulated in future studies.

Further constraints of our study include that we did not use 
eye-tracking technology or other physiological measures. 
As a result, we lack information regarding the specific areas 
or items within the scenes that were encoded. This uncer-
tainty limits the generalizability of our findings to diverse 
learning contents, such as item recognition. In addition, the 
use of physiological measures allowing a more objective 
assessment of emotional engagement (e.g., skin conduc-
tance and pupil dilation) could have ensured the reliability 
of the subjectively perceived emotion and should therefore 
be added in future studies. Also, we did not assess the feel-
ing of presence or VR experiences in this study, which lim-
its our ability to determine whether increased presence or a 
novelty effect contributed to participants rating VR scenes 
as more emotional. Moreover, the factor Retrieval Context 
was a between-subjects variable in our study, which might 
have reduced the test power for the main effect of the factor 
as well as for the interaction between the encoding presen-
tation mode and the retrieval context. Finally, although we 
accounted for individual differences in emotional responses 
to the scenes by using participants’ subjective valence rat-
ings as predictor in our statistical models to derive general 
conclusions, it remains possible that VR amplifies emo-
tional responses more strongly in some individuals than 
in others (Wang et al. 2022) and may therefore translate 
into interindividual differences in memory processes. In 
this regard, we focused on the dimension of valence and 
group-mean centered subjective arousal ratings per valence 
category to isolate the effect of valence, as it was crucial 
to evaluate the established hypotheses. However, we did 
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Table 4  Parameter estimates of the generalized linear mixed-effects 
model predicting recognition accuracy (correct vs. incorrect) in target 
trials based on encoding presentation Mode, subjective Valence (lin-
ear, quadratic term) and group-mean centered arousal
Predictor beta SE z p
Encoding PM -0.033 0.09 0.38 0.705
Valence (lin) 0.190 0.11 1.67 0.096
Valence (quad) 0.039 0.11 0.36 0.717
Arousal 0.026 0.05 0.52 0.602
Encoding PM × Valence (lin) -0.196 0.16 1.26 0.209
Encoding PM × Valence (quad) 0.224 0.14 1.54 0.123

Table 5  Parameter estimates of the cumulative link mixed-effects 
model predicting recognition confidence in hit trials based on encod-
ing presentation Mode, subjective Valence (linear, quadratic term) and 
group-mean centered arousal
Predictor beta SE z p
Encoding PM -0.031 0.10 0.33 0.745
Valence (lin) 0.014 0.13 0.10 0.918
Valence (quad) 0.271 0.11 2.37 0.018
Arousal 0.122 0.05 2.21 0.027
Encoding PM × Valence (lin) 0.118 0.16 0.71 0.476
Encoding PM × Valence (quad) 0.045 0.16 0.29 0.774
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Table 1  Predetermined Valence category based on pilot study (​h​t​t​p​​s​:​/​​/​
o​s​f​​.​i​​o​/​8​​2​7​j​t​​/​?​v​​i​e​w​​_​o​n​​l​y​=​​c​c​2​5​​1​1​​e​c​3​​6​f​f​4​​6​8​f​​b​2​c​​9​d​8​e​c​7​4​2​4​8​6​4​3) for all 
encoding scenes derived from the LuVRe database. A Valence value of 
1, 2 and 3 represents a negative, neutral and positive Valence category, 
respectively
Video Predetermined Valence
x_2701 1
x_2704 1
x_2803 3
x_2903 3
x_0309 2
x_3101 3
x_0311 2
x_3301 3
x_3310 2
x_3602 3
x_3611 3
x_3801 3
x_3901 2
x_0401 1
x_4209 3
x_4215 2
x_4219 3
x_4222 3
x_4226 2
x_4303 1
x_4402 2
x_4502 2
x_4602 2
x_4702 3
x_4703 1
x_0702 3
x_0802 1

Table 2  Parameter estimates of the linear mixed-effects models pre-
dicting sensitivity (d’) as a function of encoding presentation mode 
and retrieval context
Predictor beta SE df t p
Encoding PM -0.016 0.07 58 0.24 0.812
Retrieval C 0.180 0.07 58 2.64 0.011
Encoding PM × Retrieval C -0.527 0.12 58 4.37 < 0.001

Table 3  Parameter estimates of the linear mixed-effects models pre-
dicting mean recognition confidence as a function of encoding presen-
tation mode and retrieval context
Predictor beta SE df t p
Encoding PM -0.016 0.04 58 0.47 0.812
Retrieval C 0.135 0.04 58 3.83 < 0.001
Encoding PM × Retrieval C -0.130 0.05 58 2.85 0.006
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