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Abstract

Numerous studies have explored the effects of virtual reality (VR) on adults’ cognition. Little is known, however, of these
effects in children. The aim of this study was to explore, in both children and adults, the respective roles of the specific fac-
tors of VR, such as immersion, sense of presence and emotion, on memory performance. To do so, we used a head-mounted
display to present a VR experience in which we manipulated immersion by varying 3D asset quality (High and Low) and
emotion by presenting negative, neutral and positive stimuli. 48 adults (M,,.=20.65) and 40 children (M, =11.63) were
both divided into two experimental groups (High vs. Low 3D model quality). Valence, arousal, and sense of presence were
self-assessed by means of questionnaires, while memory of the presented stimuli was assessed using a free recall task. We also
performed physiological measurements to provide objective support for our data. Results showed that memory performance
was better for emotional than for neutral stimuli regardless of age group, even though children seemed to avoid looking at
negative stimuli compared to neutral ones. Memory was predicted by arousal and presence in adults and only by arousal in
children. Memory was not impaired by using poor image quality when highly arousing content was displayed. This study
revealed that, contrary to adults, the use of poor image quality did not protect children from strong emotional experiences
in VR. The roles of familiarity and arousal are discussed to help explain these results.
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1 Introduction

The aim of virtual reality (VR) studies is often determined
by the target population. Research has been conducted on
adult users for therapeutic and training purposes (Fan and
Wen 2019; Lele 2013; Levac et al. 2019), but also with fun-
damental objectives in mind, e.g., impact on memory (Smith
2019), link between emotion and sense of presence (e.g.,
Gromer et al. 2019). By contrast, VR research in children
has generally been guided by various therapeutic objectives,
e.g., pain distraction tool (Hoffman et al. 2000; Won et al.
2017; Gates et al. 2020); skill acquisition tool (Roussou et al.
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2006; Shema-Shiratzky et al. 2019; Schwebel et al. 2008);
and acquisition of social or behavioral skills by children
with autism spectrum disorder (see Bellani et al. 2011, for
areview). Although the use of VR has become increasingly
widespread in these clinical areas, few studies have been
conducted to investigate the emotional, motivational, and
cognitive functions of typically developing children in VR.
Some authors have explored the developmental implications
of the use of VR (Bailey and Bailenson 2017; Subrahman-
yam 2009). For example, Bailey and Bailenson (2017) dis-
cussed the impact of the developing executive functions on
the way children experience VR and pointed out that there is
still a lack of experimental studies systematically comparing
adults’ and children’s behaviors in VR contexts.

1.1 Immersion, sense of presence, and memory
Virtual reality encompasses 3D computer-simulated envi-
ronments and entities and includes behavioral interfaces

that allow these environments and entities to interact with
each other and with a user in a situation of pseudo-natural
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immersion (Fuchs 2018). In such virtual environments, the
user can develop the feeling of “being there,” also called
sense of presence, which is intimately linked to but distinct
from immersion (Slater 2003). The concept of presence has
been defined in various ways in the literature (see Schue-
mie et al. 2001 for a review). According to Lombard and
Ditton (1997), one consensual approach to presence is to
define it in terms of a perceptual illusion of non-mediation.
It means that user’s sensory, cognitive, and affective systems
continuously respond to what is presented in virtual envi-
ronment. The user does not perceive or acknowledge the
existence of the medium that broadcasts and allows to com-
municate with the virtual environment. Despite this, pres-
ence remains a multicomponent concept (e.g., self-presence,
social presence, physical presence) (Biocca 1997; Heeter
1992; Lee 2004). Immersion refers to the objective capacity
of the hardware to create an enveloping virtual environment
(Slater 2003) and has an impact on the virtual experience.
In the present study, we adopted Slater’s (2003) perspective
by reserving the term immersion for what the technology
objectively delivers and the term presence for “the human
reaction to immersion.”

The quality of immersion results from the combination
of various factors, such as field of view (the extent of the
visible world), head tracking or visual fidelity (the realism
and details of visual information), which is thought to be a
central element in immersion (Smith 2019). However, too
much visual stimulations (by a larger field of view or more
visual details) might be responsible for negative effects and
discomfort due to increased eye strain on the part of the
user (i.e., cybersickness, for a review see, Rebenitsch and
Owen 2016) or a sense of unease when people are asked
to look at quasi-human characters (a phenomenon referred
as the uncanny valley). Although visual fidelity modifies
immersion directly, this does not mean that it will necessar-
ily impact the sense of presence or the memory of virtual
experiences.

In fact, contradictory results have been found in adults
with regard to the relationship between immersion and sense
of presence, with some studies reporting that immersion
has no impact (Cummings and Bailenson 2016; North and
North 2016; Yildirim et al. 2019) and others that it has an
impact on the sense of presence (Cadet and Chainay 2020;
North and North 2016). Interestingly, Yildirim et al. (2019)
suggested that the inclusion of questions directly linked to
immersion (e.g., questions on realism) in the questionnaires
used to evaluate sense of presence may determine whether
an impact of immersion on sense of presence is observed.
In our previous study with young adults (Cadet and Chai-
nay 2020), we demonstrated a higher sense of presence in
the HMD than the computer-screen condition. However, the
sense of presence was not affected by the visual quality of
our virtual environments (e.g., 3D assets).
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To our knowledge, no study has investigated changes
in the impact of immersion on sense of presence during
development. This, however, represents a critical issue
for the creation of virtual environments that are suitably
adapted for children for clinical, therapeutic, or advertising
purposes. Interestingly, van Schaik et al. (2004) showed
that, in a mixed-reality environment (e.g., when partici-
pants wear an HMD that allows them to see virtual and
real elements simultaneously), sense of presence is nega-
tively correlated with age. A possible indication concern-
ing the specific impact of immersion on sense of presence
in children could come from the way children experience
virtual media compared to adults. Richert et al. (2011)
have pointed out that children experience what is pre-
sented via virtual media as real (even under weak immer-
sion conditions—in this case television).

Some authors have explained a greater sense of pres-
ence in children than in adults in terms of the late matu-
ration of certain neural circuits involved in the control
and emergence of the sense of presence (Baumgartner
et al. 2008; Jiancke et al. 2009). In their fMRI study,
Baumgartner et al. (2008) found that, in young adults
(M, =26.2), the right dorsolateral prefrontal cortex
reduced the sense of presence through down-regulation
of the activation of the egocentric dorsal visual stream. In
children (M,,. =8.7), these areas were not activated by the
virtual experience, probably because they are not yet fully
mature at that age, as has been revealed by voxel-based
morphometry, with children exhibiting higher gray matter
density and volume than adults. These results corroborate
a previous EEG study by Baumgartner et al. (2006) that
also showed increased spatial presence in children com-
pared to adolescents, associated with decreased activation
of prefrontal regions. In summary, children are more likely
to feel present in VR and are likely to experience virtual
media as more real than adults.

Concerning the impact of immersion on memory, it has
been shown that different characteristics of immersion (e.g.,
field of view, device type, quality of the 3D assets used) can
enhance or not a memory of virtual experiences in adults
(Banios et al. 2008; Bowman and McMahan 2007; Cadet
and Chainay 2020; Smith 2019). However, here again, less
is known about the link between immersion and memory
in children. Clinical applications have shown that VR can
be used as a tool for the ecological assessment of episodic
memory in children and young adults by allowing par-
ticipants to navigate in a virtual city with a joystick and a
desktop computer and assessing the quantity of correctly
recalled information (Picard et al. 2017). However, this type
of experiment cannot clarify the differences between adults
and children in terms of the relationship between memory
and immersion as the level of immersion was not directly
manipulated in these experiments.
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Some studies have investigated the link between sense
of presence and memory in adults by correlating memory
performance with the scores on sense-of-presence question-
naires and have found that better memory performance was
associated with a greater sense of presence (Davis et al.
1999; Lin et al. 2002; Makowski et al. 2017). To our knowl-
edge, only a few studies have investigated the influence of
both immersion and sense of presence on memory in adults
in the same experiment (Cadet and Chainay 2020) and no
study has done so in children. Studies of this kind are neces-
sary in order to better understand the influence of these two
interrelated factors on memory performance in VR.

1.2 Emotions, memory, and sense of presence

The impact of emotion on memory, most frequently revealed
by better memory performance for emotional stimuli than for
neutral ones is a widely acknowledged phenomenon in the
literature on adult memory (Kensinger and Schacter 2016,
for a review). Even though the effect of emotion on memory
(EEM) has been less well studied in children, several stud-
ies have nevertheless also described EEM in this popula-
tion (e.g., Cordon et al. 2013; Massol et al. 2020). However,
there is still a lack of consensus given that other studies
have reported no EEM in children (e.g., Hamann and Ste-
vens 2014 for a review; Leventon et al. 2014).

In the context of virtual reality experiences, there is a
lack of precise knowledge about the effects of emotion on
memory performance in both adults and children. Makowski
et al. (2017) showed that memory performance in adults is
strongly correlated with emotional experience and the sense
of presence but not the level of immersion. These authors
asked their participants to complete a self-assessed question-
naire concerning emotion, sense of presence, and memory
for a movie viewed in 2D or 3D. However, the authors did
not systematically manipulate emotion and the manipula-
tion of immersion consisted solely in manipulating the
viewing condition (2D or 3D). In our previous study with
young adults, we showed that negative and positive stimuli
encountered during the virtual experience were recalled bet-
ter than neutral ones, and this independently of the visual
quality of the stimuli and visual environment (Cadet and
Chainay 2020). However, further studies are necessary in
order to explore these effects, and especially the effects on
children’s memory.

Concerning the sense of presence, some studies in adults
have shown that emotions are able to modulate sense of pres-
ence (Bafios et al. 2004; Cadet and Chainay 2020; Gromer
et al. 2019; Riva et al. 2007), while other studies have failed
to observe such a relationship (Felnhofer et al. 2015). This
intricate relationship between emotion and sense of pres-
ence has been discussed in the literature, and it seems that
the discrepant results could be explained in part by the way

emotion was manipulated in the experiments (Bouchard
et al. 2008; Felnhofer et al. 2014; Slater 2003).

In fact, in the context of VR, emotion has most frequently
been manipulated by means of a mood induction procedure
(Baifios et al. 2004; Felnhofer et al. 2015; Riva et al. 2007)
or through exposure to situations eliciting specific emotions
(e.g., fear, Gromer et al. 2019), and the results have shown
that emotional conditions induced a better sense of pres-
ence than neutral ones even under low immersion condi-
tions. In these studies, emotion itself was either not assessed
(Bafios et al. 2004) or was assessed using a post-test self-
reported evaluation (Cadet and Chainay 2020; Felnhofer
et al. 2015; Gromer et al. 2019; Riva et al. 2007) together
with online psychophysiological measures such as heart rate
and skin conductance (Felnhofer et al. 2015; Gromer et al.
2019). The best approach seems to be to combine both self-
assessed questionnaires (subjective evaluation) and physi-
ological measurements (objective evaluation), thus permit-
ting a better evaluation of the user’s emotional state. The
specificity of the HMD hardware, such as the presence of
an eye tracker and multiple head position sensors, allows
several psychophysiological measurements, such as pupil-
lary dilation, fixation time measurements, and head move-
ments, to be included without adding any external equip-
ment. Pupillary dilation has been validated as a suitable way
of measuring emotional arousal in various studies which
either have (Chen et al. 2017) or have not (Bradley et al.
2008; Sirois and Brisson 2014; Partala and Surakka 2003)
used VR technology. Fixation time is considered to be a
good indicator of visual attention during a task (see Hoang
Duc et al. 2008 for a review). Head position could also be
an indicator of approach or avoidance behavior toward the
presented stimuli, given that positive stimuli are thought to
induce approach behaviors, while negative ones are believed
to trigger avoidance behaviors (Eerland et al. 2012; Phaf
et al. 2014). However, negative stimuli could also trigger
approach behaviors due, perhaps, to an aggressive defense
mechanism involving the attraction of attention toward
the negative stimuli (e.g., Hillman et al. 2004). Thus, the
interpretation of this type of result in terms of approach or
avoidance behavior should be considered with caution. The
standard deviation of head rotation has been used to measure
environment exploration by participant (Li et al. 2017; Slater
et al. 1998; Won et al. 2017). Li et al. (2017) and Won et al.
(2017) also found a correlation between the participant’s
emotional experience and these movement measurements.

In children, VR is often used as a tool for eliciting specific
emotions, especially in therapeutic contexts (e.g., fear of the
phobic object in exposure therapy for phobia, Maskey et al.
2014, 2019). Only a few studies have examined in a sys-
tematic and more fundamental way how emotion modulates
sense of presence in VR in this population (Baumgartner
et al. 2006, 2008). According to Baumgartner et al., the same
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relation between emotion and presence as in adults exists in
children, although this suggestion needs to be further investi-
gated given the paucity of studies on this subject. Moreover,
the strength of the relationship and the link with immersion
have not yet been investigated in children.

1.3 Aim of the present study

Research on adults has demonstrated that memory perfor-
mances in VR may be impacted by at least three intercon-
nected factors: immersion, sense of presence, and emotion.
However, the precise role of these factors is not yet fully
understood. One of the reasons may be that immersion and
emotion are rarely manipulated together in studies explor-
ing this question. In addition, measurements have been per-
formed, at least to our knowledge, for only one of the three
factors at any given time, i.e., memory performances, emo-
tion, or sense of presence, but not for all three simultane-
ously. Moreover, studies have often used only self-reported
measures (e.g., questionnaires) in order to assess sense of
presence or emotional responses. Thus, more complete stud-
ies are required in order to understand the respective roles of
immersion, emotion, and presence in adult memory perfor-
mance and this is even more true in the case of children, as
VR has frequently almost exclusively been used as a tool in
various types of therapy and only a few studies have focused
on the above influences.

Thus, the aim of this study was to investigate the respec-
tive impact of each of these factors on memory perfor-
mances in VR in both adults and children. This could lead
to better theoretical knowledge of the interrelation between
immersion, emotion, sense of presence, and memory. On
a practical level, this could also provide evidence in sup-
port of recommendations concerning the design of virtual
experiences for children, with a view to enhancing memory
retention of the virtual content as well as to protect children
from overwhelming emotional experiences. To perform this
investigation, we applied the protocol with HMD we had
previously used with young adults (Cadet and Chainay 2020)
to a child population and then compared the previous results
obtained with young adults with the children’s results. In
addition, in the present study, we also analyzed the physi-
ological and behavioral responses of both the adults and
children. In this protocol, we modulated immersion by modi-
fying the visual quality of the 3D assets (high-quality vs.
low-quality) and modulated emotion by presenting stimuli
previously evaluated as positive, negative, or neutral. We
predicted that emotional enhancement of memory would be
observed in both adults and children, but that it would be
modulated by immersion and sense of presence, especially in
the children. More specifically, we expected stronger EEM
under high-quality immersion conditions and in environ-
ments eliciting a greater sense of presence. In particular,
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we expected to observe this in the children as they should
experience a greater sense of presence than the adults due to
the late maturation of the neural circuits responsible for the
control and emergence of the sense of presence.

2 Methods
2.1 Participants

Eighty-eight volunteers, divided into two age groups, took
part in the experiment: Forty children (M,,.=11.63 years,
range = 10-14 years; 20 girls and 20 boys) and forty-
eight young adults, all students at Lyon 2 University
(Mo =20.65 years, range = 18-28 years; 24 women and 24
men). Each participant performed the experiment under one
of the two conditions: high 3D asset quality or low 3D asset
quality. Thus, there were four experimental groups: children
in high 3D asset quality, children in low 3D asset quality,
young adults in high 3D asset quality, and young adults in
low 3D asset quality.

All the children were middle-school pupils from Lyon.
All the participants (and/or their legal representatives) gave
their written informed consent and declared having good
hearing and vision. One girl from the child group withdrew
before the end of the experiment due to a cold she had con-
tracted earlier. Her results were removed from the analysis.
Exclusion criteria were epilepsy, mental retardation, the use
of mood-regulating drugs, psychiatric or neurological dis-
ease of which the participant was aware. Participants were
informed that they could discontinue the experiment at any
time if they experienced any discomfort (e.g., cybersick-
ness) or for any other reason without needing to provide
any justification.

2.2 Materials and stimuli
2.2.1 Apparatus

For the HMD condition, we used an HTC Vive headset.
The spatial resolution was 1080 x 1200 pixels per eye and
the refresh rate was 90 Hz. The HMD was connected to a
PC running Microsoft Windows 10, with an Intel® Core™
i8-7700HQ CPU with 2x3.60 GHz, 2x32 GB DDR 4
RAM, and a Geforce® GTX 1080. The cross-platform game
engine Unity was used to create this experiment and sounds
were presented through a Bose OE2i headset.

In order to measure pupillary dilation and fixation time
during the experiment, we added the Pupil Labs add-on for
eye tracking to our HTC Vive headset. The HTC Vive HMD
features an accelerometer, a gyroscope, and laser position
sensor, which allowed us to track head movement and head
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position (see Supplementary Material for a detailed descrip-
tion of the recording and processing of these data).

2.2.2 Stimuli

Fifty-eight 3D assets split into 12 sets of stimuli were used in
this experiment. Six of the 12 sets were displayed in a virtual
island environment: 3 sets of high-arousal negative stimuli
(2 sets of 5 and 1 set of 4) and 3 sets of neutral stimuli (2
sets of 5 and 1 set of 4). The other 6 sets were presented
in a virtual city environment (2 sets of 5 medium-arousal
negative stimuli, 2 sets of 5 neutral stimuli, and 2 sets of 5
medium-arousal positive stimuli). Table 1 shows the mean
valence and arousal scores for each set. These stimuli were
selected from a set of 110 3D assets pre-tested by 31 students
(Mage =24.9, range =20-28, women N=15, men N=16) at
Lyon 2 University. During the pre-test, the participants were
asked to rate arousal (— 4 low arousal to+4 high arousal)
and valence (— 4 negative to+4 positive) using the self-
assessment manikin (SAM test, Bradley and Lang 1994).
For the selection of stimuli, we used following criteria: for
valence (Mean scores per stimulus: min=— 3; max=2.7),
the stimuli with a mean score under — 0.6 was considered
as negative, a score between — 0.6 and + 1.3 as neutral,
and a score over + 1.3 as positive; for arousal (Mean scores
per stimulus: min=— 3.1; max=2.9), a mean score under
— 2 was considered as low arousal, between — 2 and 0.3 as
medium, and over 0.3 as highly arousing. For more details,
see Cadet and Chainay (2020). As the same protocol and
therefore the same stimuli were used with pre-adolescent as

with adults, we planned to evaluate, a posteriori, the valence
and the arousal of the 3D-assets with the pre-adolescent.
However, due to the pandemic Covid-19 and the sanitary
restrictions, we were not able to do these evaluations.

To manipulate image quality, we created low-quality ver-
sions of the fifty-eight 3D assets. We used the Autodesk
Maya software to remove between 30 and 50% of the poly-
gons from each 3D asset (in such a way as to allow recog-
nition) and the poorest texture and a level of shade were
chosen in the Unity editor for assets and environments (for
an example, see Fig. 1).

2.2.3 Measures

Prior to their participation, all the participants completed
the French versions of the Hospital Anxiety and Depression
Scale (HADS, Zigmond & Snaith, 1983), the Positive Affect
Negative Affect Scale, which measures mood (PANAS for
adults, Watson et al. 1988; PANAS-C for children, Laurent
et al. 1999), and the Immersive Tendency Questionnaire
(ITQ, Witmer and Singer 1998). HADS has previously been
used with child populations (e.g., Hawley 2003), but ITQ
has not. However, we did not find any equivalent of this last
questionnaire for children and we therefore reworded it for
this group in order to improve understanding. We also asked
if they had prior experience with video games and VR using
a 5-point scale (from “never” to “every day”).

During the experiment, we used a 9-point illustrated
scale to evaluate valence (from “very unpleasant” to “very
pleasant”) and arousal (from “weakly arousing” to “very

Table 1 Mean score for each set

N R . Place 1 Place 2 Place 3 Place 4 Place 5 Place 6

of stimuli present in places 1 to . . .

6 in the Island and the City VE Negative_1 Negative_2 Negative_3 Neutral_4 Neutral_5 Neutral_6
Island
Mean valence — 245 —2.46 - 1.84 0.32 0.44 0.48
Mean arousal 1.9 2.02 2.16 —-1.25 —-0.82 -0.5
City
Mean valence —-1.53 - 1.5 0.18 -0.2 1.91 2.11
Mean arousal —-0.23 0.1 —2.54 —2.75 - 0.87 -0.37

Fig. 1 Example of neutral
stimulus (a pig) as a low- and
high-quality 3D asset

Ko VIO
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arousing”) (SAM—Self Assessment Manikin test, Bradley
and Lang 1994) reported for each visited place. We also
used a 7-point scale (from “not at all” to “absolutely”) to
rate different aspects of presence: general sense of pres-
ence (How present did you feel in the environment?), the
sense of presence in terms of the ability to visit the envi-
ronment (How much did you have the impression that you
could visit the environment?), the sense of presence in
terms of the ability to touch things (How much did you
feel that you could touch things?), the participants’ atten-
tional focus (How focused did you feel on the task you
were asked to perform?), and their motivation (How moti-
vated did you feel to complete the task you were asked
to perform?). We selected these five questions because
they corresponded to the subscales usually included in
the extended questionnaires measuring presence, but did
not include any question that could be linked directly to
immersion characteristics.

During the experiment, we also recorded the minimum
and maximum head position on the z axis (front-behind),
head rotation on the x, y and z axes (respectively, pitch,
yaw and roll), pupillary dilation from the first to the fifth
second, and fixation time (see Supplementary Material).
After each environment (the City or the Island), we also
measured memory for the presented stimuli using a free-
recall task and the sense of presence by means of a French
version of the Independent Television Commission Sense
of Presence Inventory (ITC-SOPI, Lessiter et al. 2001),
which consists of four factors: sense of physical space,
engagement, ecological validity, and negative effects.

2.2.4 Procedure

The participant’s task was to visit 2 environments: the City
and the Island, each containing 6 places to which partici-
pants could be teleported. The participants remained sitting
during the experiment and no movements other than those
that can be performed in the sitting position were possible.
Head and hand tracking were ensured by the HMD and the
two controllers. The order of the visits to the environments
and places was left up to the participants in order to accen-
tuate interaction during the experiment and avoid total pas-
sivity. However, the participants were asked to visit both
environments and they had to explore the 6 places in the
first environment visited before moving on to the second
one (see Fig. 2). For information, 63% of the participants
chose the City first and 37% the Island. In addition, stimuli
were presented one by one in a random order and always in
the 180° of space in front of the participants. To ensure that
the participants did not miss a stimulus, a spatialized sound
appeared before the stimulus and they were asked to point
to each stimulus before it disappeared.

After visiting each place, the participants had to answer a
number of questions that were displayed on screen and also
presented orally. These questions were previously explained
one by one in order to ensure that they were understood.
First, the participants were asked to rate their self-reported
valence and arousal during the visit to the place. They were
then asked to rate their sense of presence by means of a
5-question questionnaire (see “Measures” section). The
time taken to respond to these five questions and the follow-
ing oral instructions about how to select the next place was

. ; . PLACE: :
Environment selection ——» Place selection . . Questions —  Next
Stimulus presentation
Places...
iLE FIRST PLACE Arousal
( (example: desert)
= = 60s
€ Valence
- k3
Q < Sense of presence global
o 550 s
— 7s
Feeling able to visit the
d environment
» .3 P ok N Feeling able to touch things
Stimulus
:
[y e | ™~ ¥ %3 :
Attentional focus
Bz t “ R S
P o R

Ts A
Motivation

Next stimulus

Fig. 2 Protocol for the presentation of the two virtual environments (city and island) and the six different places in each environment. At the bot-
tom on the left, the sequence of presentation of each stimulus in one virtual environment or place (e.g., the desert)
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longer than two minutes. This might have prevented emotion
carry-over effects between two successive places.

Once the participants had visited all 6 places of the first
environment, the HMD was removed, a French version of the
ITC-SOPI questionnaire (Lessiter et al. 2001) was adminis-
tered and the participants were asked to recall all the stimuli
that they had seen in the 6 places. Responses were written
down by the investigator. If there was an ambiguity about a
recalled item, details were asked for at the end of the recall;
if these details were insufficient to identify the item, it was
counted as a false response. The same procedure was then
reproduced for the environment that still had to be visited.

2.3 Data processing and statistical analysis

All information on data processing and recordings is given
in the Supplementary Material. Distinct statistical analyses
for the Island and City were performed on the correct free
recall scores (item memory for virtual stimuli), the mean
sense of presence scores (score on the 5 questions for each
place), and emotional valence and arousal (SAM test). Each
mean was obtained based on the scores for places present-
ing stimuli of the same emotional valence (Island—nega-
tive and neutral; City—positive, negative and neutral).
Preliminary analyses were performed to check for sphe-
ricity (Mauchly’s test) and homogeneity of variance. If a
violation was found, corrected scores (Greenhouse—Geis-
ser) were used. For each measurement, we first performed
repeated measures ANOVAs following the factorial design
(emotion) X (age) X (quality)—2 x2x 2 for the Island and
3x2x2 for the City—with Emotion (Island—negative vs.
neutral; City—positive vs. negative vs. neutral) as within-
subject factor and quality of the 3D asset (high quality vs.
low quality) and age (Adults vs. Children) as between-
subjects factors. If necessary, planned comparisons were
performed to allow a better understanding of the signifi-
cant effects. Bonferroni’s correction was used for multiple
comparisons. Additionally, a 2x2 x2 ANOVA (environ-
ment) X (quality) X (age) was conducted on the ITC-SOPI
scores, with environment (Island vs. City) as within-subject
factor and quality (high quality vs low quality) and age
(Adults vs Children) as between-subjects factors. Correla-
tion and regression analyses were also performed to deter-
mine which of the subjective and objective measurements of
emotion and presence could explain memory performance.

The results are presented in the following order: memory
performance with ANOVA, correlation and regression anal-
yses, ANOVAs on self-reported measurements of sense of
presence, emotion (arousal and valence). The ANOVA for
fixation duration is presented in the Supplementary Material.

The analysis concerning adults only has already been
published in the Results section of our previous paper (Cadet
and Chainay 2020).

3 Results

3.1 Questionnaires completed
before the experiment

A one-way ANOVA was performed to compare anxiety
(HADS-A), depression (HADS-D), positive and negative
affect (PANAS-PA and PANAS-NA, respectively), prior
experience with video games and VR, and immersive ten-
dencies (IT) between the four experimental groups. No
significant difference was found between age groups for:
HADS-A (F(3,45.3)=1.716, p=0.177), PANAS-PA (F(3,
44.2)=0.176, p=0.912), PANAS-NA (F(3, 45.6)=1.183,
p=0.327), IT (F(3, 43.2)=0.600, p=0.618). We did,
however, observe a significant difference in terms of:
depression measured on HADS-D (F(3, 45.5)=5.857,
p=0.002), with children having a significantly lower
HADS-D score than adults; prior exposure to VR (F(3,
39.5)=24.593, p<0.001), with children being more
exposed to VR than adults; and prior exposure to video
games (F(3, 39.5)=24.593, p<0.001), with adults being
more exposed to video games than children. The children
also completed two subtests (Matrix Reasoning and Simi-
larities) of the French version of the Wechsler Intelligence
Scale for Children (WISC V). All children were in the
normal performance range in both subtests.

3.2 Recall performances
3.2.1 ANOVA

3.2.1.1 Island A significant effect of emotion (F(1,
83)=57.45, p<0.001, partial #*>=0.41) was observed, with
higher recall of the negative stimuli (M =8.67, SE=0.21)
than the neutral stimuli (M =6.52, SE=0.23). Effect of age
was also significant (F(1, 83)=15.49, p<0.001, partial
7*=0.16) with higher recall for adults (M =8.23, SE=0.25)
than for children (M =6.96, SE=0.24). There were no other
significant effects or interactions.

3.2.1.2 City A significant effect of emotion (F(2,
166)=14.41, p<0.001, partial 712=0.15) was observed,
with higher recall of negative (M =5.12, SE=0.20) and
positive stimuli (M =5.27, SE=0.18) than neutral stimuli
(M=4.05, SE=0.21). Effect of age was also significant
(F(1,83)=31.07, p<0.001, partial #>=0.27), with higher
recall for adults (M =5.44, SE=0.15) than for children
(M=4.21, SE=0.16). Effect of quality was also signifi-
cant (F(1, 83)=4.06, p=0.047, partial »*=0.05), with
higher recall of high-quality stimuli (M =5.04, SE=0.16)
than of low-quality stimuli (M =4.60, SE=0.17). More
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importantly, the interaction between emotion and age was
significant (F(1,166)=4.03, p=0.020, partial 5°>=0.05)
(see Fig. 3). The recall of negative (M =4.85, SE=0.30)
and positive stimuli (M =4.73, SE=0.24) was higher than
that of neutral stimuli (M =3.06, SE=0.20; respectively
1(166)=4.83, p<0.001 and #(166)=4.49, p<0.001) in
the children only. Additionally, adults recalled more neu-
tral (M =5.05, SE=0.28) and positive stimuli (M =5.82,
SE=0.25) than children (respectively, M =3.06,
SE=0.20, #248)=5.49, p<0.001; M=4.73, SE=0.24,
1(248)=3.00, p=0.044). There were no other significant
main effects or interactions.

3.2.2 Correlation analyses

Correlation analyses were performed between the recall
scores and the mean self-reported valence and arousal
scores, sense of presence (SoP), minimum and maximum
head position on Z axis, mean head rotation on the x, y and
z axes (respectively, pitch, yaw and roll), mean pupillary
dilation, and mean fixation time. We also performed a cor-
relation analysis between various measurements of emotion
and sense of presence (see Supplementary Material).

3.2.2.1 Island For the adults, Pearson’s test showed a sig-
nificant correlation only between recall performance and
the arousal (r=-0.182, p=0.002) and valence (r=0.148,
p=0.012) scores. For the children, there was a significant
correlation between recall and arousal score (r=0.211,
p=0.001). No other significant correlations were found for
the recall performances.

3.2.2.2 City Independently of age group, Pearson’s test
showed a significant correlation between recall performance

Fig.3 Mean recall performance 10 ¢
score for the city (min=0,

max = 10), depending on age 9t
(adults and children) and emo-

tion (negative, neutral, and 8r
positive) .

and arousal score (r=0.107, p=0.015). No significant cor-
relation was found for the adult or child groups analyzed
separately.

3.2.3 Regression analysis

First we report the correlations between different predic-
tors (means of self-evaluated arousal, valence, sense of
presence—SoP, minimum and maximum head position on
Z axis, pitch, yaw and roll, pupillary dilation from the first
to the fifth second, fixation time), followed by a regression
analysis.

3.2.4 Correlations between predictors

3.2.4.1 Island The analysis performed independently of
the group factor did not show any significant correlations
between predictors. In the analyses carried out separately
for adults and children, Pearson’s test showed several sig-
nificant correlations between the predictors (see Table 2).

3.2.4.2 City The analysis performed independently of
the group factor did not show any significant correlations
between predictors. In the analysis performed separately for
adults and children, Pearson’s test showed several signifi-
cant correlations between predictors (see Table 3).

3.2.5 Regression analysis

The stepwise regression analysis was performed separately
for the Island and City environments. For each environment,
we first included the data from all participants and then ana-
lyzed the data of each group (adults and children) separately.
The percentage of correct recall per VE was entered in the
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Table 2 Results of the analysis of correlations between the predictors in the Island environment for adults and children

Self-evalu-

ated arousal

Self-evalu- SoP
ated valence

Min head
position

Max head
position

Fixation time Pitch Yaw Roll

Adults
Self-evalu-

ated valence

SoP

Min head
position

Max head
position

Pitch

Yaw

Roll

Pupillary
dilation
S1
S2

S3
S4
S5

Fixation time
Children

Self-evalu-
ated arousal

Self-evalu-

ated valence

SoP

Min head
position

Max head
position

Pitch

Yaw

Roll

Pupillary
dilation

S1
S2

S3
S4

S5

r=-.140,
p=0.017

r=.345,
p<0.001

r=-.151,
p=0.010

r=-—.145,
p=0.026

r=.282,
p<0.001

r=.142,
p=0.030

r=.146,
p=0.026

r=.151,
p=0.010

r=—.180,
p=0.002

r=.140,
p=0.047

r=.249,
p<0.001
r=-.138,
p=0.035
r=-.216,
p=0.001
r=-.153,
p=0.019

r=.1717,
p=0.007

r=.173,
p=0.008

r=.191,
p=0.003

r=.225,
p=0.001

r=-.133,
»=0.023

r=-.162,
p=0.006

r=-—.132,
p=0.025

r=-—.158,
p=0.015

r=-.166,
p=0011

r=—.155,
p=0.009

r=.217,
»<0.001

r=—.119,
p=0.043

r=—.136,
p=0.022

r=.186,
p=0.004
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Table 2 (continued)

Self-evalu- Self-evalu- SoP Min head Max head Fixation time Pitch Yaw Roll
ated arousal  ated valence position position
Fixation time r=-.176, r=-.139,
p=0.008 p=0.038

Only significant correlations are reported

models as a dependent variable and self-reported arousal
and valence scores, fixation time, sense of presence, pupil-
lary dilation (from the first to the fifth second), minimum
and maximum head position (on Z axis) were entered as
predictors.

3.2.5.1 Island In the analysis including all participants,
no predictors explained a significant proportion of vari-
ance in the recall task. When separate analyses were per-
formed, a significant proportion of the variance in adults
was explained by self-reported arousal and the SoP score,
whereas for children, it was explained by the self-reported
arousal and the mean pupillary dilation for second number
two (see Table 4).

3.2.5.2 City In the joint analysis, the minimum head posi-
tion on the Z axis and the self-reported arousal explained
a significant proportion of variance in the recall task (see
Table 4). In the separate analysis, no predictors explained
a significant proportion of variance in the recall task, either
for adults or for children.

3.3 Self-reported sense of presence
3.3.1 SoP—evaluation of places

3.3.1.1 Island The ANOVA revealed a significant effect of
emotion (F(1,83)=16.51, p<0.001, partial ;12 =0.17), with
higher SoP for the negative (M =22.47, SE=0.48) than the
neutral places (M =21.28, SE=0.54). Effect of age was also
significant (F(1, 83)=9.60, p=0.003, partial 7°=0.10),
with higher SoP for children (M=23.38, SE=0.73) than
for adults (M =20.38, SE=0.66). No other significant main
effects or interactions were observed.

3.3.1.2 City There were no significant main effects or inter-
actions.

3.3.2 ITC-SOPl—evaluation of environments

Significant effects of environment were found for the spa-
tial presence and engagement factors (respectively: F(1,
83)=23.03, p <0.001, partial #*>=0.22; F(1, 83)=29.60,
p<0.001, partial 2 =0.26), with higher scores for the Island
than the City. Effect of age was also significant for spatial
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presence (F(1, 83)=7.07, p=0.009, partial ;12 =0.08),
engagement (F(1, 83)=4.02, p=0.048, partial 172 =0.05),
and ecological validity/naturalness (F(1, 83)=15.22,
p=0.025, partial ;72 =0.06), with higher scores for children
than for adults. A significant effect of quality was found for
the negative effects factor (F(1, 83)=9.85, p=0.002, par-
tial #*=0.11), with higher scores for the low-quality than
for the high-quality condition. For ecological validity/natu-
ralness, the interactions between environment and age and
between environment and quality were significant, while for
negative effects, the interaction between age and quality was
also significant (see the Supplementary Material for detailed
descriptions of these interactions and planned comparisons).

3.4 Self-reported emotion
3.4.1 Self-reported arousal

3.4.1.1 Island A significant effect of emotion was observed
(F(1, 83)=105.65, p<0.001, partial 5°=0.56), with
places with negative stimuli (M=1.24, SE=0.16) rated as
more arousing than places with neutral ones (M=-0.21,
SE=0.20). A significant effect of age (F(1, 83)=10.84,
p=0.001, partial #>=0.12) was observed, with children
(M=1.06, SE=0.24) rating places as more arousing than
adults (M= —0.02, SE=0.22). The interactions between
emotion and quality (F(1, 83)=4.84, p=0.031, partial
7*=0.06) and between Emotion and Age (F(1, 83)=7.43,
p=0.008, partial s”=0.08) were significant. More impor-
tantly, the interaction between emotion, age and quality was
significant (F(1, 83)=5.22, p=0.025, partial 112=0.06) (see
Fig. 4a). To better understand this interaction, the data were
analyzed separately for adults and children. For children, a
significant effect of emotion was found (F(1, 37)=77.17,
p<0.001, partial #*>=0.68), with places with negative
stimuli (M=1.97, SE=0.25) being rated as more arous-
ing than places with neutral ones (M =0.13, SE=0.25). For
adults, the interaction between emotion and quality (F(1,
46)=11.16, p=0.002, partial ;72=0.20) was significant.
The planned comparisons revealed that, in the case of high-
quality but not low-quality 3D assets, places with negative
stimuli (M=1.19, SE=0.30) were rated as more arousing
than places with neutral stimuli (M=-0.50, SE=0.38,
1(46)=6.34, p<0.001). There were no other significant
main effects or interactions.
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Table 3 Results of the analysis of correlations between predictors in the city environment for adults and children

Self-evaluated Self-evaluated SoP Min head Max head Fixation time Pitch Yaw Roll
arousal valence position position

Adults

Self-evaluated
arousal

Self-evaluated r=-.118,
valence p=0.022

SoP r=.345, r=.150,
p<0.001 p=0.010

Min head

position
Max head r=.163, r=.154,

position p=0.006 p=0.009
Pitch
Yaw r=-.130, r=.268,

p=0.028 p<0.001

Roll r=.124,
p=0.035
Pupillary dila-
tion
S1 r=.122,
p=0.042

S2 r=.140,
p=0.047

S3
S4
S5

Fixation time r=.170,
p=0.006

Children

Self-evaluated
arousal

Self-evaluated
valence

SoP r=.160,
p=0.015
Min head
position
Max head r=.149, r=-.394,
position p=0.024 p<0.001
Pitch

Yaw r=.231,
p<0.001

Roll r=.167,
p=0.011

Pupillary dila-

tion

S1

S2

S3

S4 r=-.160,
p=0.021

S5

Fixation time

Only significant correlations are reported
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Table 4 Results of stepwise Variables Model Predictors B. () R? adjusted
regressions for all device
conditions, adults, and children Island
for the recall task Global
Percentage recall NS
Adults
Percentage recall 1 Arousal —0.183 (.002) 0.030
Percentage recall 2 Arousal —0.235 (.000) 0.047
SoP 0.125 (.014)
Children
Percentage recall 1 Arousal 0.196 (.003) 0.034
Percentage recall 2 Arousal 0.187 (.005) 0.047
Pupillary dilation S2 0.131 (.047)
City
Global
Percentage recall
1 Min head position — 0.133 (.007) .015
2 Min head position — 0.125 (.012) .023
Arousal 0.099 (.047)
Adults
Percentage recall NS
Children
Percentage recall NS
3.4.1.2 City A significant effect of emotion (F(2,  with negative stimuli (M =0.34, SE=0.38) being rated as

166)=29.51, p<0.001, partial ;72=0.26) was observed,
with places with negative stimuli (M=0.26, SE=0.18)
being rated as more arousing than places with neutral
stimuli (M=-0.95, SE=0.21, #(166)=7.62, p<0.001)
and those with positive stimuli (M=-0.21, SE=0.20,
1(166)=2.99, p=0.010). Places with positive stimuli were
rated as more arousing than places with neutral stimuli
(#(166)=4.64, p<0.001). The interaction between emotion
and age was also significant (F(2, 166)=4.48, p=0.013,
partial #”=0.05) but no significant differences between
adults and children were revealed. More importantly, the
interaction between emotion, age, and quality was signifi-
cant (F(2, 166)=10.12, p<0.001, partial 7=0.11) (see
Fig. 4b). To better understand this interaction, the data for
adults and children were analyzed separately. For adults,
most importantly, the interaction between emotion and
quality (F(2, 92)=9.94, p<0.001, partial 7>=0.18) was
significant. This was explained by the difference observed
on high-quality 3D assets only, for which places with
negative (M=0.21, SE=0.33, #92)=5.96, p<0.001)
and positive stimuli (M=-0.35, SE=0.36) were rated as
more arousing than places with neutral stimuli (M =-1.67,
SE=0.33, #(92)=4.17, p=0.001). Moreover, places with
neutral stimuli were rated as more arousing in low-quality
3D assets (M=0.29, SE=0.43) than in high-quality 3D
assets. For children, the effect of emotion was significant
(F(2, 74)=24.68, p<0.001, partial ;72=0.40), with places
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more arousing than places with positive stimuli (M =—0.62,
SE=0.42, ((74)=4.27, p<0.001) and places with neutral
stimuli (M =-1.21, SE=0.44, #(74)=6.97, p<0.001), and
places with positive stimuli being rated as more arousing
than places with neutral stimuli (#(74)=2.70, p=0.026).
There were no other significant main effects or interactions.

3.4.2 Self-reported valence

3.4.2.1 Island A significant effect of emotion (F(1,
83)=74.37, p<0.001, partial r]2 =0.47) was observed,
with places with negative stimuli being rated as more nega-
tive (M=0.01, SE=0.18) than places with neutral stimuli
(M=1.43, SE=0.12). A significant effect of age (F(1,
83)=4.68, p=0.033, partial 172=0.05) was observed, with
children generally rating places as less negative (M =1.00,
SE=0.19) than adults (M =0.44, SE=0.17). The interaction
between emotion and quality (F(1, 83)=11.73, p<0.001,
partial #*=0.12) was significant. More importantly, the
interaction between emotion, age, and quality was significant
(F(1, 83)=16.29, p<0.001, partial 7*=0.16) (see Fig. 4c).
To better understand this interaction, the data were analyzed
separately for adults and children. A significant effect of
emotion was found for children (F(1, 37)=37.20, p<0.001,
partial > =0.50), with places with neutral stimuli (M =0.20,
SE=0.31) being rated as less negative than places with neg-
ative stimuli (M =1.79, SE=0.34). For adults, most impor-
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Fig.4 Mean self-reported arousal score for the Island (panel A) and
for the City (panel B) (min= —4—weakly arousing, max =4—very
arousing) depending on age (adults and children), emotion (nega-
tive and neutral) and 3D asset quality (HQ and LQ). Mean self-

tantly, the interaction between emotion and quality was
significant (F(1, 46)=34.56, p<0.001, partial > =0.43).
Planned comparisons revealed that, in the high-quality but
not in the low-quality 3D assets condition, places with neu-
tral stimuli (M =1.49, SE=0.17) were rated as less negative
than places with negative stimuli (M= —1.00, SE=0.33,
1(46)=28.41, p<0.001). Moreover, places with negative
stimuli were rated as more negative in the high-quality than
the low-quality 3D assets condition (M =0.62, SE=0.23).
The difference between the high- and low-quality 3D assets
condition was not significant for neutral stimuli. There were
no other significant effects or interactions.

3.4.2.2 City A significant effect of emotion (F(2,
166)=45.83, p<0.001, partial 772=O.36) was observed,
with places with positive stimuli (M=1.84, SE=0.14)
being rated as more positive than places with neutral stimuli
(M=1.21, SE=0.15, t(166)=3.63, p=0.001) and those
with negative stimuli (M =0.19, SE=0.17, #(166)=9.49,
p<0.001). Places with neutral stimuli were also evalu-
ated as less negative than places with negative stimuli
(#(166)=5.86, p<0.001). A significant effect of age (F(I,
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reported valence score for the Island (panel C) and the City (panel D)
(min= —4—very unpleasant, max =4—very pleasant), depending on
age (adults and children), 3D asset quality (HQ and LQ) and emotion
(negative and neutral)

83)=20.25, p <0.001, partial #°=0.20) was observed, with
children generally rating places as more positive (M =1.59,
SE=0.17) than adults (M=0.57, SE=0.15). Most inter-
estingly, the interaction between emotion, age, and qual-
ity was also significant (F(2, 166)=5.13, p=0.007, partial
7*=0.06) (see Fig. 4d). To better understand this interac-
tion, the data were analyzed separately for adults and chil-
dren. For adults, most importantly, the interaction between
emotion and quality (F(2, 92)=12.0, p<0.001, partial
#*=0.21) was significant. This interaction was explained by
the fact that in the high-quality condition, the adults rated the
places with positive stimuli (M =2.08, SE=0.25) as being
more positive than those with neutral (M =0.79, SE=0.26,
1(92)=3.94, p=0.002) or negative stimuli (M=-0.52,
SE=0.30,(92)=7.94, p<0.001) but did not do so in the
low-quality condition. In the high-quality condition, places
with neutral stimuli were also rated as less negative than
those with negative stimuli (#(92)=4.00, p=0.002). Addi-
tionally, places with positive stimuli were rated as more
positive under high-quality conditions than they were under
low-quality conditions (M =0.48, SE=0.25, #(121.4)=4.20,
p<0.001). For children, a significant effect of emotion was
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observed (F(2,74)=25.94, p <0.001, partial 172 =0.41), with
places with neutral stimuli (M =1.81, SE=0.23) being rated
as less negative than places with negative stimuli (M =0.58,
SE=0.27, 1(74)=4.77, p<0.001), and places with positive
stimuli being rated (M =2.40, SE=0.22) as more positive
than places with negative stimuli (#(74)=7.06, p <0.001).
There were no other significant main effects or interactions.

4 Discussion

The aim of this study was to investigate memory of a virtual
experience in children and adults and to better specify the
factors underlying memory performance in each popula-
tion. The practical goal was to explore whether manipulat-
ing the quality of 3D assets could protect participants from
an overwhelming emotional experience, while preserving
their memory performances and sense of presence in the
virtual content. To do this, we manipulated factors thought
to be responsible for memory performance in VR, such as
the quality of the 3D asset (immersion) and the emotional
nature of the stimuli presented in virtual places. We then
measured the physiological and motor responses of our par-
ticipants to these stimuli. We also asked them to evaluate
their sense of presence, arousal, and valence after having
seen different places characterized by negative, positive,
or neutral stimuli. In order to interpret the effects of these
factors on memory performance, we will first discuss our
results on the sense of presence, arousal, and valence evalu-
ations, while also including the results of our physiological
and motor measures. Secondly, we will discuss the memory
performance results.

4.1 Sense of presence: emotion and age effects vary
according to virtual environment

For each of the two environments (Island and City), the par-
ticipants completed a self-assessed questionnaire to evaluate
presence after visiting each of the 6 places. At the end of the
visit to each environment, they also gave a global evaluation
by means of the ITC-SOPI. We hypothesized that sense of
presence would be stronger for the children than the adults,
stronger for the high-quality than for the low-quality 3D
assets, and stronger for the emotional than the neutral places.

As expected, the children reported a greater sense of pres-
ence than the adults when this parameter was measured more
globally by means of the ITC-SOPI after the end of the visit
of each environment, City and Island. However more fine-
grained measurements carried out after visiting each place
in these environments provide some interesting details, given
that a difference was observed only in the Island environ-
ment. Thus, our results partly corroborate certain previous
findings. For example, Baumgartner et al. (2006) found that
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children experienced a greater sense of presence than older
participants when they were exposed to a roller-coaster
scenario on a computer screen. The authors suggested that
young children (mean age 9.2) are more likely to feel pre-
sent in a virtual environment than older adolescents (mean
age 15.8) due to a lack of maturation of the prefrontal lobe,
meaning that they do not yet have the ability to control and
monitor virtual experiences. Our results showed for the
first time, at least to our knowledge, that not only can the
same differences in VR experience be observed if an HMD
is used compared to a study conducted without HMD but
that, furthermore, the same differences reported by Baum-
gartner et al. (2006) between children and adolescents are
also obtained in a study comparing adults (mean age 20.7)
and rather older children (mean age 11.6). Finally, it should
be noted that these differences between adults and children
might depend on the environment. Mikropoulos and Strou-
boulis (2004) have suggested that adults and children do
not refer to the same criteria to respond to questionnaires
about presence. They compared the results they had obtained
with children with those obtained by Usoh et al. (1999) with
adults and observed that criteria such as input device or pre-
vious experience with the media impacted sense of presence
in children but not in adults. Our data may suggest that there
are other factors that interact with age and modulate sense
of presence differently, for example participants’ familiarity
with the environment. In fact, the stimuli presented in the
City environment were probably more familiar to children
than those presented in the Island environment, potentially
explaining why the children felt more present than the adults
in the Island but not in the City environment. The less famil-
iar stimuli and environment could have attracted more atten-
tion, caused more excitement, and thus increased sense of
presence. This suggestion is supported by the fact that, on
average, the children evaluated the negative stimuli as more
arousing in the Island than in the City environment. How-
ever, as we did not measure our participants’ familiarity with
either the stimuli or with the environments, this suggestion
needs further investigation.

As expected, and regardless of age, sense of presence was
higher in places presenting emotional stimuli, but only, and
again unexpectedly, in the Island environment. One explana-
tion for this difference between the two environments might
be the fact that the negative stimuli presented in the places
in the Island environment were, in general, more arousing
than the negative and positive stimuli presented in the City.
In fact, it has been suggested that arousal is closely related
to presence (Lombard and Ditton 1997), and several studies
with adults have shown that an increase in sense of pres-
ence is correlated with an increase in physiological and
subjective arousal (Schneider et al. 2004). Seth et al. (2012)
even suggested that emotional content is sufficient to create
sense of presence. Our correlation analysis also suggests a



Virtual Reality (2022) 26:55-75

69

strong link between presence and self-evaluated arousal and
valence: the participants felt more present in the places that
they evaluated as more arousing and valenced (i.e., nega-
tively or positively). To the best of our knowledge, our data
provide the first demonstration that the link between pres-
ence and emotion is also observed in children. Moreover, in
the City, the presented stimuli were mostly manufactured,
non-animated, and more familiar than those presented in the
Island environment. Motion has been reported to increase
arousal (Detenber et al. 1998). As most of the stimuli in the
City environment were non-animated, it is possible that they
triggered less arousal in general and, consequently, there was
less difference in the sense of presence experienced by the
participants after viewing places with emotional and moder-
ately arousing stimuli, on the one hand, and those with non-
emotional stimuli, on the other. Thus, our results suggest
that less arousing, non-animated, and more familiar stimuli
generate less presence than more arousing, animated, and
less familiar stimuli in both children and adults.

Contrary to our expectations, the quality of the 3D assets
had no impact on sense of presence, either in the children or
the adults. This result questions the existence of a cast-iron
link between immersion and presence (Witmer and Singer
1998) and provides support for the demonstration by Bow-
man and McMahan (2007) that the level of immersion does
not necessarily predict presence. These authors suggested
that the same level of immersion could induce different lev-
els of presence depending on the user and on his/her state
of mind or recent history. In our study, the quality of the 3D
assets was not a relevant factor for creating a sense of pres-
ence in a VR experiment with HMD, even when the mood,
affective state, and personal tendency to immersion were
controlled. It could be interesting for future investigations
to explore more systematically the potential, internal, user-
specific factors that might impact the link between immer-
sion and presence.

4.2 Arousal and valence measurements: a complex
interaction between immersion, emotional
nature of the stimuli, and age

We presented negative, positive, and neutral stimuli in differ-
ent places (one kind in each place) in the Island or the City
environments and expected that the participants’ ratings of
the places on the self-assessment manikin (Bradley and Lang
1994) would depend on the emotional nature of the stimuli.

As expected, the arousal and valence evaluations were
affected by the emotional nature of the stimuli, but also by
the age of the participants and the 3D quality of the assets.
The children evaluated virtual places as more positive (in
both environments) and arousing (only in the Island environ-
ment) than the adults. These results are in line with previous
findings (Cordon et al. 2013) showing greater sensitivity

to arousing content in children. Concerning the evaluation
of virtual places as being more positive, this could be due
to what Visch et al. (2010) called artefact emotions (i.c.,
the emotion felt in response to the medium itself, such as
fascination or enjoyment). It is possible that the children
were more likely to confuse the emotion generated by the
content of the fictional world with the artefact emotions cre-
ated by HMD-based exposure to 3D virtual content. Indeed,
they might have rated negative and arousing content in the
Island environment, such as a spider, as positive because
they enjoyed being afraid of it during the experiment, as they
often reported orally to the experimenter. With regard to the
evaluation of arousal in the City, it is interesting that there
were no significant differences in arousal ratings between
the children and adults. Previous findings on non-VR content
such as human faces (Vesker et al. 2018) or pictures (Cordon
et al. 2013) have shown that children rate positive faces and
pictures as more arousing than adults. It is possible that our
positive stimuli in the City environment were less suitable
for revealing such a difference in children than those used
by Cordon et al. (2013).

Concerning the impact of immersion on emotion in chil-
dren, valence and arousal evaluation were not modulated by
the quality of the 3D assets, unlike in the case of the adults.
Indeed, the low-quality 3D assets condition eliminated the
differences in terms of the evaluation of valence and arousal
between negative, neutral and positive stimuli only in the
adults. Thus, the most striking result of emotional evalua-
tion was that, for the adults only, the low-quality condition
eliminated the differences between the positive, negative,
and neutral stimuli in terms of the subjective evaluation of
arousal and valence. In fact, in this condition, the adults
evaluated all the places in the City and Island environments
as being similarly arousing and valenced, irrespective of the
emotional nature of the stimuli presented in these places.
These results suggest that a low immersion condition could
in some way have decreased the emotional impact of the
intrinsic characteristics of the emotional stimuli on the sub-
jective feeling of arousal and valence induced in the adults
by these stimuli. Slater and Wilbur (1997) suggested that
the salience of emotional stimuli can be modulated by sev-
eral parameters, including vividness, which corresponds
to visual salience, and that this modulation will have an
impact on participants’ emotional experience. A study by
Visch et al. (2010), for example, supports this suggestion by
observing that the judgment of intensity of different emo-
tions experienced while viewing a movie was higher when
the movie was viewed in a more immersive (CAVE) than
in a less immersive (3D) condition. In our experiment, the
vividness of the emotional stimuli was certainly lower in
the low-quality 3D assets condition, and this is probably the
reason why our young adults did not experience differences
in their feelings of arousal and valence while viewing places
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with negative, positive, and neutral stimuli. However, this
was not observed in the children. As mentioned previously,
Baumgartner et al. (2008) examined the difference between
high-presence and low-presence situations in terms of the
subjective evaluation of immersion, valence and arousal,
on the one hand, and brain area activation, on the other, in
an fMRI study of children and adults. They observed that
higher arousal and valence scores were reported in both the
children and adults in the high-presence condition (com-
pared to low-presence condition) whereas, interestingly, rat-
ing differences were greater in the adults for arousal and in
the children for valence. The authors argued that in children,
but not in adults, concurrent activation of areas involved in
affective processing (e.g., amygdala and insula) and other
areas important for the egocentric processing of the visual
environment explains why children are more susceptible to
the arousing impact of visual stimuli than adults. It is there-
fore possible that, as a result of this particular sensitivity to
arousing content, the emotional experience was preserved in
children even under low immersion conditions.

Taken together, our results suggest that children have
higher emotional sensitivity than adults during a VR expe-
rience. This draws attention to the fact that, unlike in the
case of adults, using poor-quality 3D assets could hardly
be considered to be a potential way of manipulating the VR
environment in order to protect children against strong emo-
tional experiences in VR.

4.3 Memory of a virtual experience
4.3.1 Impacts of age, immersion, and emotion on memory

As previous studies have demonstrated an emotional
enhancement of memory (EEM) in adults and children
(Cadet and Chainay 2020; Hamann and Stevens 2014; Kens-
inger and Schacter 2016; Massol et al. 2020; Stenson et al.
2019), we expected memory performances to be better for
emotional stimuli than for neutral ones. We also hypoth-
esized that immersion (in our case, the 3D asset quality)
would enhance EEM in a virtual context and that memory
performance would correlate with the level of presence.

As predicted, the adults recalled more stimuli than the
children, irrespective of environment. These results are in
accordance with other studies that have compared memory
performance in children and adults by means of recall tasks,
although not in VR (e.g., Massol et al. 2020). Recall was
also higher for high-quality 3D assets than for low-quality
assets, but only in the City environment, thus partly con-
firming our predictions. The results observed in the City
environment confirm what was reported by Wallet et al.
(2011): participants who had encoded a route in a city
under the high-quality image condition performed better in
memory tasks concerning this route. These authors pointed
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out that the impact of visual quality on memory depends on
the information needed to complete the memory task. It is
thus possible that visual details were more important for the
recall of City stimuli than of those on the Island. These dis-
crepant results are, to some extent, consistent with the litera-
ture given that a link between visual fidelity and memory has
not always been found (e.g., Mania et al. 2005). Moreover,
as explained above, the stimuli in the City were manufac-
tured and non-animated, unlike the case of the Island where
the stimuli consisted mostly of wild animals. It is possible
that the encoding of visual details is more important for the
retrieval process in the case of manufactured and non-ani-
mated stimuli than for animated stimuli. Thus, the nature
of the stimuli in VR could modulate the impact of visual
quality on memory performance. Our discrepant results in
two VR environments make it clear that the results cannot
simply be generalized to all VR contexts and that precau-
tions must be taken concerning the manipulation of factors
such as visual quality when creating virtual experiences, as
it is possible that they may impact the participant’s memory
of the experience.

More importantly, EEM was observed, with higher recall
scores being obtained for emotional stimuli (negative and
positive) than for neutral ones in both the Island and City
environments and for both adults and children. We did not,
however, observe any modulation of EEM by the quality of
the 3D assets. It is possible that this absence of significant
modulation of EEM by the quality of 3D assets was due to
the fact that the manipulation was not sufficiently salient
to impact the cognitive processes involved in EEM, such
as attention engaged during the processing of the stimuli.
Attention is thought to play an important role in EEM (Talmi
and McGarry 2012) and also in sense of presence in VR, as
suggested by Witmer and Singer (1998) and Schuemie et al.
2001), in the sense that a participant who allocates more
attention is more involved in VR and is thus more present.

Subsequent analyses showed that EEM was more con-
stant in the children than in the adults, since it was present
in both environments for the former and only in the Island
environment for the latter. In accordance with the suggestion
formulated by Baumgartner et al. (2008), it is possible that
the children in our study were more sensitive to emotional
arousal than the adults and that the moderate arousal caused
by the emotional stimuli in the City environment was there-
fore sufficiently intense to enhance memory in children but
not in adults, who need more intense stimuli before feeling
aroused. This proposal is supported by the results concern-
ing the subjective evaluation of arousal, which was higher in
the children than the adults, although it must be noted that
the evaluation was performed globally for each place and
not for individual items. The crucial role of arousal in EEM
has been widely accepted in the literature on adult popula-
tions (Kensinger and Corkin 2004; Kensinger and Schacter
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2016). Our study provides some evidence concerning the
possibility that EEM may emerge in children under some
circumstances, and even for stimuli that are only very mod-
erately arousing. According to the attention mediation the-
ory (Talmi et al. 2008), EEM could be due to the automatic
capture of attention by emotional stimuli. Our fixation time
results for the Island (see Supplementary Material) showed
that the children visually explored the neutral stimuli for
longer periods than the negative ones. The adults looked for
equally long at the neutral and negative stimuli, and they
looked for longer at the negative stimuli than the children.
The neutral stimuli were equally explored by both the chil-
dren and adults. This suggests, first, that the adults’ atten-
tion was not captured more by the negative than the neutral
stimuli and, second, that the children avoided looking at the
negative stimuli. Despite these results, an EEM was found
independently of age. These results suggest that, irrespective
of the time spent looking at the stimuli, emotional stimuli
were still better remembered than neutral ones. It seems
possible that the emotional reaction to the stimuli and its
impact on memory did not require a very long exploration
time. Indeed, Detenber et al. (1998) observed physiological
responses to emotional pictures between 0.5 and 4 s after
stimulus onset. Moreover, Sharot and Phelps (2004) showed
an EEM for an arousing word even if presented in peripheral
vision. Our negative stimuli might therefore have continued
to arouse our participants even if they were not present in the
center of the visual field. To conclude, our results suggest
that enhancement of memory for negative stimuli may occur
even after a short exploration of these stimuli.

4.3.2 What might predict memory in VR?

In order to examine which factors might predict memory
performance in VR, we conducted a regression analysis
using self-reported scores for valence, arousal, and sense of
presence as well as physiological measures such as pupillary
dilation, fixation time for the stimuli, minimum and maxi-
mum head position toward the stimulus and standard devia-
tions of pitch, yaw and roll. In line with previous studies
(Barios et al. 2004; Makowski et al. 2017; Riva et al. 2007,
Vistfjéll 2003), our results showed that arousal, valence, and
sense of presence were strongly correlated with each other
for both the adults and children. Similarly, we found that
pupillary dilation, minimum and maximum head position,
and standard deviation of pitch, yaw and roll were correlated
with each other. This implies that our regression analyses
should be interpreted with caution.

Globally, the regression analysis showed that emotional
arousal (self-evaluated or pupillary dilation) was the best pre-
dictor of memory performance in VR. This result is consistent
with previous findings showing a strong link between memory
and arousal (Cahill and McGaugh 1998; Dolcos and Cabeza

2002; Roozendaal and McGaugh 2011). For the adults, sense
of presence was also a predictor of memory performance in
the Island environment in addition to self-evaluated arousal.
Our results with adults confirm that the link between pres-
ence and memory performance exists, but that it is not always
demonstrated (for a review, see Smith, 2019) as we did not
observe it systematically. Makowski et al. (2017), for example,
also obtained results suggesting that the relationship between
memory performance and sense of presence is complex, as
they observed that factual memory, though not temporal order
memory, correlated positively with sense of presence in adults
as rated after exposure to a 2D or 3D movie in the theater.
Unlike these studies, our experiment made use of an HMD,
which is known to create greater visual immersion than a
projection screen (Bowman and McMahan 2007). Thus, one
explanation for the fact that we did not always find that pres-
ence was a predictor of memory could be that the link between
presence and memory does not remain stable with different
levels of immersion.

For the children, the main predictor of memory perfor-
mance was arousal (physiological and self-assessed). This
result seems consistent with the findings of Quas and Lench
(2007) on the relationship between arousal at encoding
and children’s memory performance one week after hav-
ing watched video clips eliciting fear. The authors found
that a higher heart rate at encoding (corresponding to higher
arousal) was related to fewer incorrect responses to direct
questions about video details. The authors suggested that
the video eliciting fear enhanced attention and led to more
efficient encoding of details and consequently to better mem-
ory performance. Interestingly, Quas et al. (2004) found that
after a shorter delay between encoding and retrieval, more
similar to the interval used in our study, high arousal had
a negative effect on memory. They suggested that the chil-
dren in their study were similarly aroused during retrieval
and encoding, thus leading to a reduced ability to focus
adequately. In our study, it is possible that performing the
recall task without the HMD, thus in a different context from
encoding, prevented the children from being as strongly
aroused as they were during encoding.

In summary, variations in memory performance in our
study were explained by arousal, in combination with pres-
ence in the case of the adults, but by arousal alone for the
children. In order to clarify these results, further research
is necessary to investigate the respective roles of presence
and emotional arousal in memory performance in children.

5 Limitations
The most important limitation of this study is the fact that

our 3-D assets were pretested on valence and arousal only by
young adults. The reason is that our experiments were first
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elaborated for adults population and the stimuli were pre-
tested for this population (see Cadet and Chainay 2020). We
planned to proceed to a posteriori evaluation of the assets
with pre-adolescents, but because of the pandemic Covid-19
and sanitary restrictions we were not able to do these evalu-
ations. Thus, our results and their interpretations have to be
taken with precautions. However, there are many studies in
the literature on emotion effects on memory in children that
have also used stimuli pretested only by adults and have
then proceeded to an a posteriori evaluation of the employed
stimuli. Such evaluations have shown that children’s ratings
are very similar to those produced by adults (e.g., Cadet and
Chainay 2021; Davidson et al. 2006; Hajcak et al. 2009).
Thus, we believe that there is a good probability that the
assessments of pre-adolescents would not be fundamentally
different from those of young adults.

Another limitation is that the order of the visits to the
environments and places was left up to the participants in
order to counterbalance order effects between participants.
Thus, at the individual level, it is possible that recency and
primacy effects in memory could have affected our data. It
is also possible that the subjective experience of the first
environment influenced that for the second environment in
that it might have induced expectation or anxiety about the
content of the virtual environments. Another limitation is
that we did not measure the participants’ familiarity with
the virtual content and thus it is possible that this factor
may have influenced the evaluation of the sense of presence.
Finally, the children had significantly lower HADS-D scores
than the adults. Depression may impact emotion regulation
(Joormann and Gotlib 2010) and thus, in our experiment,
the self-evaluations of emotions. However, a supplementary
ANOVA (see the supplementary material) which we per-
formed while including the HADS-D scores as covariate
did not show any interaction between this factor and the
other factors included in the analysis and did not change the
significance of the results. Thus, in our study, the difference
between the adults’ and children’s self-evaluations of emo-
tion does not seem to be related to the level of depression.

6 Conclusion

Concerning memory, our study demonstrated the presence of
EEM in the context of VR. We also observed that memory
performance in VR appears to be explained by self-eval-
uated arousal and sense of presence in adults but only by
self-evaluated arousal in children. Concerning the arousal,
valence, and presence ratings: unlike in the adults, the qual-
ity of the 3D assets had no impact on emotional evaluation in
the children; sense of presence was stronger for the children
than the adults and was correlated with subjective emotional
experience for both the adults and children.

@ Springer

More globally, our findings show that children are more
likely to feel aroused and present in virtual environments
than adults and that, unlike in the case of adults, lower visual
fidelity does not protect children from the emotional content.
These results should be considered with regard to future VR
applications targeting children in the educational or recrea-
tional fields.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10055-021-00537-y.

Acknowledgements The present study was supported by a Région
Auvergne-Rhone-Alpes Grant (Direction des Finances 28/06) and a
Direction de la Recherche et des Ecoles Doctorales grant from the
Université Lumiére Lyon 2 (DRED No. 13-2019). Finally, it was also
financially supported by the Institute for Psychology of the Université
Lumiere Lyon 2, and the Association Nationale de la Recherche et de
la Technologie (ANRT—Grant No. 2017/0582). We thank the native
English copy editor for proofreading the manuscript, Mrs. Nakouri,
Assistant Director of the Cité Internationnale de Lyon middle school,
for her help in recruiting the child volunteers for the study and the com-
pany VR Connection for their support. We also warmly thank Thomas
Fugier for designing the virtual environments.

References

Bailey JO, Bailenson JN (2017) Chapter 9—Immersive virtual real-
ity and the developing child. In: Blumberg FC, Brooks PJ (eds)
Cognitive development in digital contexts. Academic Press, San
Diego, pp 181-200

Baiios RM, Botella C, Alcaiiiz M et al (2004) Immersion and emo-
tion: their impact on the sense of presence. Cyberpsychol Behav
7:734-741. https://doi.org/10.1089/cpb.2004.7.734

Bafios RM, Botella C, Rubi6 I et al (2008) Presence and emotions in
virtual environments: the influence of stereoscopy. Cyberpsychol
Behav 11:1-8. https://doi.org/10.1089/cpb.2007.9936

Baumgartner T, Valko L, Esslen M, Jéncke L (2006) Neural correlate of
spatial presence in an arousing and noninteractive virtual reality:
an EEG and psychophysiology study. Cyberpsychol Behav Impact
Internet Multimed Virtual Real Behav Soc 9:30-45. https://doi.
org/10.1089/cpb.2006.9.30

Baumgartner T, Speck D, Wettstein D et al (2008) Feeling present in
arousing virtual reality worlds: prefrontal brain regions differen-
tially orchestrate presence experience in adults and children. Front
Hum Neurosci 2:8. https://doi.org/10.3389/neuro.09.008.2008

Bellani M, Fornasari L, Chittaro L, Brambilla P (2011) Virtual reality
in autism: state of the art. Epidemiol Psychiatr Sci 20:235-238.
https://doi.org/10.1017/S2045796011000448

Biocca F (1997) The Cyborg’s Dilemma: progressive embodiment in
virtual environments [1]. ] Comput-Mediat Commun. https://doi.
org/10.1111/1.1083-6101.1997.tb00070.x

Bouchard S, St-Jacques J, Robillard G, Renaud P (2008) Anxiety
increases the feeling of presence in virtual reality. PRESENCE
Teleoper Virtual Environ. https://doi.org/10.1162/pres.17.4.376

Bowman DA, McMahan RP (2007) Virtual reality: how much immer-
sion is enough? Computer 40:36—43. https://doi.org/10.1109/MC.
2007.257

Bradley MM, Lang PJ (1994) Measuring emotion: the self-assessment
manikin and the semantic differential. J Behav Ther Exp Psychia-
try 25:49-59

Bradley MM, Miccoli L, Escrig MA, Lang PJ (2008) The pupil
as a measure of emotional arousal and autonomic activation.


https://doi.org/10.1007/s10055-021-00537-y
https://doi.org/10.1089/cpb.2004.7.734
https://doi.org/10.1089/cpb.2007.9936
https://doi.org/10.1089/cpb.2006.9.30
https://doi.org/10.1089/cpb.2006.9.30
https://doi.org/10.3389/neuro.09.008.2008
https://doi.org/10.1017/S2045796011000448
https://doi.org/10.1111/j.1083-6101.1997.tb00070.x
https://doi.org/10.1111/j.1083-6101.1997.tb00070.x
https://doi.org/10.1162/pres.17.4.376
https://doi.org/10.1109/MC.2007.257
https://doi.org/10.1109/MC.2007.257

Virtual Reality (2022) 26:55-75

73

Psychophysiology 45:602—-607. https://doi.org/10.1111/j.1469-
8986.2008.00654.x

Cadet LB, Chainay H (2020) Memory of virtual experiences: Role of
immersion, emotion and sense of presence. Int J] Hum-Comput
Stud 144:102506. https://doi.org/10.1016/j.ijhcs.2020.102506

Cadet LB, Chainay H (2021) How preadolescents and adults remem-
ber and experience virtual reality: The role of avatar incarna-
tion, emotion, and sense of presence. Int J Child-Comput Inter-
act. https://doi.org/10.1016/j.ijcci.2021.100299

Cahill L, McGaugh JL (1998) Mechanisms of emotional arousal
and lasting declarative memory. Trends Neurosci 21:294-299.
https://doi.org/10.1016/S0166-2236(97)01214-9

Chen H, Dey A, Billinghurst M, Lindeman R (2017) Exploring
pupil dilation in emotional virtual reality environments, pp 1-8.
https://ir.canterbury.ac.nz/handle/10092/15404

Cordon IM, Melinder AMD, Goodman GS, Edelstein RS (2013)
Children’s and adults’ memory for emotional pictures: examin-
ing age-related patterns using the developmental affective photo
system. J Exp Child Psychol 114:339-356. https://doi.org/10.
1016/j.jecp.2012.08.004

Cummings JJ, Bailenson JN (2016) How immersive is enough? A
meta-analysis of the effect of immersive technology on user
presence. Media Psychol 19:272-309. https://doi.org/10.1080/
15213269.2015.1015740

Davidson PSR, Mcfarland CP, Glisky EL (2006) Effects of emotion
on item and source memory in young and older adults. Cogn
Affect Behav Neurosci 6:306-322. https://doi.org/10.3758/
CABN.6.4.306

Davis ET, Scott K, Pair J et al (1999) Can audio enhance visual per-
ception and performance in a virtual environment? Proc Hum
Factors Ergon Soc Annu Meet 43:1197-1201. https://doi.org/
10.1177/154193129904302206

Detenber BH, Simons RF, Bennett GG (1998) Roll ‘em!: The effects
of picture motion on emotional responses. J Broadcast Electron
Media 42:113-127. https://doi.org/10.1080/088381598093644
37

Dolcos F, Cabeza R (2002) Event-related potentials of emotional
memory: encoding pleasant, unpleasant, and neutral pictures.
Cogn Affect Behav Neurosci 2:252-263. https://doi.org/10.3758/
CABN.2.3.252

Eerland A, Guadalupe TM, Franken IHA, Zwaan RA (2012) Posture
as index for approach-avoidance behavior. PLoS ONE 7:e31291.
https://doi.org/10.1371/journal.pone.0031291

Fan Y-C, Wen C-Y (2019) A virtual reality soldier simulator with body
area networks for team training. Sensors. https://doi.org/10.3390/
$19030451

Felnhofer A, Kothgassner OD, Hetterle T et al (2014) Afraid to be
there? Evaluating the relation between presence, self-reported
anxiety, and heart rate in a virtual public speaking task. Cyberpsy-
chology Behav Soc Netw 17:310-316. https://doi.org/10.1089/
cyber.2013.0472

Felnhofer A, Kothgassner OD, Schmidt M et al (2015) Is virtual reality
emotionally arousing? Investigating five emotion inducing virtual
park scenarios. Int ] Hum-Comput Stud 82:48-56. https://doi.org/
10.1016/j.ijhcs.2015.05.004

Fuchs P (2018) Théorie de la réalité virtuelle. Les véritables usages.
Presses des Mines

Gates M, Hartling L, Shulhan-Kilroy J et al (2020) Digital technology
distraction for acute pain in children: a meta-analysis. Pediatrics.
https://doi.org/10.1542/peds.2019-1139

Gromer D, Reinke M, Christner I, Pauli P (2019) Causal interactive
links between presence and fear in virtual reality height exposure.
Front Psychol. https://doi.org/10.3389/fpsyg.2019.00141

Hajcak G, Dennis TA (2009) Brain potentials during affective picture
processing in children. Biol Psychol 80(333):338

Hamann S, Stevens JS (2014) Memory for emotional stimuli in devel-
opment. In: The Wiley handbook on the development of children’s
memory, vols I-1II. Wiley-Blackwell, pp 724-742

Hawley CA (2003) Reported problems and their resolution following
mild, moderate and severe traumatic brain injury amongst children
and adolescents in the UK. Brain Inj 17:105-129. https://doi.org/
10.1080/0269905021000010131

Heeter C (1992) Being there: the subjective experience of presence.
Presence Teleoper Virtual Environ 1:262-271. https://doi.org/10.
1162/pres.1992.1.2.262

Hillman CH, Rosengren KS, Smith DP (2004) Emotion and motivated
behavior: postural adjustments to affective picture viewing. Biol
Psychol 66:51-62. https://doi.org/10.1016/j.biopsycho.2003.07.
005

Hoang Duc A, Bays P, Husain M (2008) Chapter 5.5—Eye movements
as a probe of attention. In: Kennard C, Leigh RJ (eds) Progress in
brain research. Elsevier, Amsterdam, pp 403411

Hoffman HG, Patterson DR, Carrougher GJ (2000) Use of virtual real-
ity for adjunctive treatment of adult burn pain during physical
therapy: a controlled study. Clin J Pain 16:244-250. https://doi.
org/10.1097/00002508-200009000-00010

Jancke L, Cheetham M, Baumgartner T (2009) Virtual reality and the
role of the prefrontal cortex in adults and children. Front Neurosci
3:52-59. https://doi.org/10.3389/neuro.01.006.2009

Joormann J, Gotlib IH (2010) Emotion regulation in depression: rela-
tion to cognitive inhibition. Cogn Emot 24:281-298. https://doi.
org/10.1080/02699930903407948

Kensinger EA, Corkin S (2004) Two routes to emotional memory:
distinct neural processes for valence and arousal. Proc Natl Acad
Sci 101:3310-3315. https://doi.org/10.1073/pnas.0306408101

Kensinger EA, Schacter DL (2016) Memory and emotion. In: Guil-
ford T (ed) Handbook of emotions, 4th edn. Press, New York,
pp 564-578

Laurent J, Catanzaro SJ, Joiner TE Jr et al (1999) A measure of positive
and negative affect for children: scale development and prelimi-
nary validation. Psychol Assess 11:326-338. https://doi.org/10.
1037/1040-3590.11.3.326

Lee KM (2004) Presence, explicated. Commun Theory 14:27-50.
https://doi.org/10.1111/§.1468-2885.2004.tb00302.x

Lele A (2013) Virtual reality and its military utility. J Ambient
Intell Humaniz Comput 4:17-26. https://doi.org/10.1007/
$12652-011-0052-4

Lessiter J, Freeman J, Keogh E, Davidoff J (2001) A Cross-Media
Presence Questionnaire: The ITC-Sense of Presence Inventory.
Presence Teleoper Virtual Environ 10:282-297. https://doi.org/
10.1162/105474601300343612

Levac DE, Huber ME, Sternad D (2019) Learning and transfer of com-
plex motor skills in virtual reality: a perspective review. J Neuro-
eng Rehabil 16:121. https://doi.org/10.1186/s12984-019-0587-8

Leventon JS, Stevens JS, Bauer PJ (2014) Development in the neu-
rophysiology of emotion processing and memory in school-age
children. Dev Cogn Neurosci 10:21-33. https://doi.org/10.1016/j.
den.2014.07.007

Li BJ, Bailenson JN, Pines A et al (2017) A public database of immer-
sive VR videos with corresponding ratings of arousal, valence,
and correlations between head movements and self report meas-
ures. Front Psychol. https://doi.org/10.3389/fpsyg.2017.02116

Lin JJ, Duh HBL, Parker DE, et al (2002) Effects of field of view on
presence, enjoyment, memory, and simulator sickness in a vir-
tual environment. In: Proceedings IEEE virtual reality 2002, pp
164-171

Lombard M, Ditton T (1997) At the heart of it all: the concept of
presence. J Comput-Mediat Commun. https://doi.org/10.1111/j.
1083-6101.1997.tb00072.x

@ Springer


https://doi.org/10.1111/j.1469-8986.2008.00654.x
https://doi.org/10.1111/j.1469-8986.2008.00654.x
https://doi.org/10.1016/j.ijhcs.2020.102506
https://doi.org/10.1016/j.ijcci.2021.100299
https://doi.org/10.1016/S0166-2236(97)01214-9
https://ir.canterbury.ac.nz/handle/10092/15404
https://doi.org/10.1016/j.jecp.2012.08.004
https://doi.org/10.1016/j.jecp.2012.08.004
https://doi.org/10.1080/15213269.2015.1015740
https://doi.org/10.1080/15213269.2015.1015740
https://doi.org/10.3758/CABN.6.4.306
https://doi.org/10.3758/CABN.6.4.306
https://doi.org/10.1177/154193129904302206
https://doi.org/10.1177/154193129904302206
https://doi.org/10.1080/08838159809364437
https://doi.org/10.1080/08838159809364437
https://doi.org/10.3758/CABN.2.3.252
https://doi.org/10.3758/CABN.2.3.252
https://doi.org/10.1371/journal.pone.0031291
https://doi.org/10.3390/s19030451
https://doi.org/10.3390/s19030451
https://doi.org/10.1089/cyber.2013.0472
https://doi.org/10.1089/cyber.2013.0472
https://doi.org/10.1016/j.ijhcs.2015.05.004
https://doi.org/10.1016/j.ijhcs.2015.05.004
https://doi.org/10.1542/peds.2019-1139
https://doi.org/10.3389/fpsyg.2019.00141
https://doi.org/10.1080/0269905021000010131
https://doi.org/10.1080/0269905021000010131
https://doi.org/10.1162/pres.1992.1.2.262
https://doi.org/10.1162/pres.1992.1.2.262
https://doi.org/10.1016/j.biopsycho.2003.07.005
https://doi.org/10.1016/j.biopsycho.2003.07.005
https://doi.org/10.1097/00002508-200009000-00010
https://doi.org/10.1097/00002508-200009000-00010
https://doi.org/10.3389/neuro.01.006.2009
https://doi.org/10.1080/02699930903407948
https://doi.org/10.1080/02699930903407948
https://doi.org/10.1073/pnas.0306408101
https://doi.org/10.1037/1040-3590.11.3.326
https://doi.org/10.1037/1040-3590.11.3.326
https://doi.org/10.1111/j.1468-2885.2004.tb00302.x
https://doi.org/10.1007/s12652-011-0052-4
https://doi.org/10.1007/s12652-011-0052-4
https://doi.org/10.1162/105474601300343612
https://doi.org/10.1162/105474601300343612
https://doi.org/10.1186/s12984-019-0587-8
https://doi.org/10.1016/j.dcn.2014.07.007
https://doi.org/10.1016/j.dcn.2014.07.007
https://doi.org/10.3389/fpsyg.2017.02116
10.1111/j.1083-6101.1997.tb00072.x
10.1111/j.1083-6101.1997.tb00072.x

74

Virtual Reality (2022) 26:55-75

Makowski D, Sperduti M, Nicolas S, Piolino P (2017) “Being there”
and remembering it: presence improves memory encoding. Con-
scious Cogn 53:194-202. https://doi.org/10.1016/j.concog.2017.
06.015

Mania K, Robinson A, Brandt KR (2005) The effect of memory sche-
mas on object recognition in virtual environments. Presence Tel-
eoper Virtual Environ 14:606-615. https://doi.org/10.1162/10547
4605774918769

Maskey M, Lowry J, Rodgers J et al (2014) Reducing specific pho-
bia/fear in young people with autism spectrum disorders (ASDs)
through a virtual reality environment intervention. PLoS ONE.
https://doi.org/10.1371/journal.pone.0100374

Maskey M, Rodgers J, Ingham B et al (2019) Using virtual reality
environments to augment cognitive behavioral therapy for fears
and phobias in autistic adults. Autism Adulthood. https://doi.org/
10.1089/aut.2018.0019

Massol S, Vantaggio S, Chainay H (2020) Emotional modulation of
episodic memory in school-age children and adults: emotional
items and their associated contextual details. J] Exp Psychol Gen.
https://doi.org/10.1037/xge0000744

Mikropoulos TA, Strouboulis V (2004) Factors that influence pres-
ence in educational virtual environments. Cyberpsychol Behav
7:582-591. https://doi.org/10.1089/cpb.2004.7.582

North MM, North SM (2016) A comparative study of sense of presence
of traditional virtual reality and immersive environments. Austra-
las J Inf Syst. https://doi.org/10.3127/ajis.v20i0.1168

Partala T, Surakka V (2003) Pupil size variation as an indication of
affective processing. Int J Hum-Comput Stud 59:185-198. https://
doi.org/10.1016/S1071-5819(03)00017-X

Phaf RH, Mohr SE, Rotteveel M, Wicherts JM (2014) Approach, avoid-
ance, and affect: a meta-analysis of approach-avoidance tenden-
cies in manual reaction time tasks. Front Psychol 5:378-378.
https://doi.org/10.3389/fpsyg.2014.00378

Picard L, Abram M, Orriols E, Piolino P (2017) Virtual reality as an
ecologically valid tool for assessing multifaceted episodic mem-
ory in children and adolescents. Int J Behav Dev 41:211-219.
https://doi.org/10.1177/0165025415616198

Quas JA, Lench HC (2007) Arousal at encoding, arousal at retrieval,
interviewer support, and children’s memory for a mild stressor.
Appl Cogn Psychol 21:289-305. https://doi.org/10.1002/acp.1279

Quas JA, Bauer A, Boyce WT (2004) Physiological reactivity, social
support, and memory in early childhood. Child Dev 75:797-814.
https://doi.org/10.1111/j.1467-8624.2004.00707.x

Rebenitsch L, Owen C (2016) Review on cybersickness in applications
and visual displays. Virtual Real 20:101-125. https://doi.org/10.
1007/s10055-016-0285-9

Richert RA, Robb MB, Smith EI (2011) Media as social partners: the
social nature of young children’s learning from screen media.
Child Dev 82:82-95. https://doi.org/10.1111/j.1467-8624.2010.
01542.x

Riva G, Mantovani F, Capideville CS et al (2007) Affective interac-
tions using virtual reality: the link between presence and emo-
tions. Cyberpsychol Behav 10:45-56. https://doi.org/10.1089/
¢pb.2006.9993

Roozendaal B, McGaugh JL (2011) Memory modulation. Behav Neu-
rosci 125:797-824. https://doi.org/10.1037/a0026187

Roussou M, Oliver M, Slater M (2006) The virtual playground: an
educational virtual reality environment for evaluating interactivity
and conceptual learning. Virtual Real 10:227-240. https://doi.org/
10.1007/s10055-006-0035-5

Schuemie MJ, van der Straaten P, Krijn M, van der Mast CAPG (2001)
Research on presence in virtual reality: a survey. Cyberpsychol
Behav 4:183-201. https://doi.org/10.1089/109493101300117884

Schwebel DC, Gaines J, Severson J (2008) Validation of virtual reality
as a tool to understand and prevent child pedestrian injury. Accid

@ Springer

Anal Prev 40:1394-1400. https://doi.org/10.1016/j.aap.2008.03.
005

Seth AK, Suzuki K, Critchley HD (2012) An interoceptive predictive
coding model of conscious presence. Front Psychol. https://doi.
org/10.3389/fpsyg.2011.00395

Sharot T, Phelps EA (2004) How arousal modulates memory: disen-
tangling the effects of attention and retention. Cogn Affect Behav
Neurosci 4:294-306. https://doi.org/10.3758/CABN.4.3.294

Shema-Shiratzky S, Brozgol M, Cornejo-Thumm P et al (2019) Virtual
reality training to enhance behavior and cognitive function among
children with attention-deficit/hyperactivity disorder: brief report.
Dev Neurorehabil 22:431-436. https://doi.org/10.1080/17518423.
2018.1476602

Sirois S, Brisson J (2014) Pupillometry. Wiley Interdiscip Rev. Cogn
Sci 5:679-692. https://doi.org/10.1002/wcs.1323

Slater M (2003) A note on presence terminology. In: PRESENCE-
Connect, January

Slater M, Wilbur S (1997) A framework for immersive virtual environ-
ments (FIVE): speculations on the role of presence in virtual envi-
ronments. Presence 6:603. https://doi.org/10.1162/pres.1997.6.6.
603

Slater M, Steed A, McCarthy J, Maringelli F (1998) The influence of
body movement on subjective presence in virtual environments.
Hum Factors 40:469-477. https://doi.org/10.1518/0018720987
79591368

Smith SA (2019) Virtual reality in episodic memory research: A review.
Psychon Bull Rev. https://doi.org/10.3758/s13423-019-01605-w

Stenson AF, Leventon JS, Bauer PJ (2019) Emotion effects on mem-
ory from childhood through adulthood: consistent enhancement
and adult gender differences. J Exp Child Psychol 178:121-136.
https://doi.org/10.1016/j.jecp.2018.09.016

Subrahmanyam K (2009) Developmental implications of children’s
virtual worlds. Wash Lee Law Rev 66:1065

Talmi D, McGarry LM (2012) Accounting for immediate emotional
memory enhancement. ] Mem Lang 66:93-108. https://doi.org/
10.1016/j.jm1.2011.07.009

Talmi D, Anderson AK, Riggs L et al (2008) Immediate memory con-
sequences of the effect of emotion on attention to pictures. Learn
Mem 15:172-182. https://doi.org/10.1101/Im.722908

Usoh M, Arthur K, Whitton MC et al (1999) Walking > walking-in-
place > flying, in virtual environments. In: Proceedings of the
26th annual conference on Computer graphics and interactive
techniques. ACM Press, pp 359-364

van Schaik P, Turnbull T, van Wersch A, Drummond S (2004) Presence
within a mixed reality environment. Cyberpsychol Behav Impact
Internet Multimed Virtual Real Behav Soc 7:540-552. https://doi.
org/10.1089/cpb.2004.7.540

Vistfjill D (2003) The subjective sense of presence, emotion recogni-
tion, and experienced emotions in auditory virtual environments.
Cyberpsychol Behav 6:181-188. https://doi.org/10.1089/10949
3103321640374

Vesker M, Bahn D, Degé F et al (2018) Perceiving arousal and valence
in facial expressions: differences between children and adults. Eur
J Dev Psychol 15:411-425. https://doi.org/10.1080/17405629.
2017.1287073

Visch VT, Tan ES, Molenaar D (2010) The emotional and cognitive
effect of immersion in film viewing. Cogn Emot 24:1439-1445.
https://doi.org/10.1080/02699930903498186

Wallet G, Sauzéon H, Pala PA et al (2011) Virtual/real transfer of spa-
tial knowledge: benefit from visual fidelity provided in a virtual
environment and impact of active navigation. Cyberpsychol Behav
Soc Netw 14:417-423. https://doi.org/10.1089/cyber.2009.0187

Witmer BG, Singer MJ (1998) Measuring presence in virtual envi-
ronments: a presence questionnaire. Presence Teleoper Virtual
Environ 7:225-240. https://doi.org/10.1162/105474698565686


https://doi.org/10.1016/j.concog.2017.06.015
https://doi.org/10.1016/j.concog.2017.06.015
https://doi.org/10.1162/105474605774918769
https://doi.org/10.1162/105474605774918769
https://doi.org/10.1371/journal.pone.0100374
https://doi.org/10.1089/aut.2018.0019
https://doi.org/10.1089/aut.2018.0019
https://doi.org/10.1037/xge0000744
https://doi.org/10.1089/cpb.2004.7.582
https://doi.org/10.3127/ajis.v20i0.1168
https://doi.org/10.1016/S1071-5819(03)00017-X
https://doi.org/10.1016/S1071-5819(03)00017-X
https://doi.org/10.3389/fpsyg.2014.00378
https://doi.org/10.1177/0165025415616198
https://doi.org/10.1002/acp.1279
https://doi.org/10.1111/j.1467-8624.2004.00707.x
https://doi.org/10.1007/s10055-016-0285-9
https://doi.org/10.1007/s10055-016-0285-9
https://doi.org/10.1111/j.1467-8624.2010.01542.x
https://doi.org/10.1111/j.1467-8624.2010.01542.x
https://doi.org/10.1089/cpb.2006.9993
https://doi.org/10.1089/cpb.2006.9993
https://doi.org/10.1037/a0026187
https://doi.org/10.1007/s10055-006-0035-5
https://doi.org/10.1007/s10055-006-0035-5
https://doi.org/10.1089/109493101300117884
https://doi.org/10.1016/j.aap.2008.03.005
https://doi.org/10.1016/j.aap.2008.03.005
https://doi.org/10.3389/fpsyg.2011.00395
https://doi.org/10.3389/fpsyg.2011.00395
https://doi.org/10.3758/CABN.4.3.294
https://doi.org/10.1080/17518423.2018.1476602
https://doi.org/10.1080/17518423.2018.1476602
https://doi.org/10.1002/wcs.1323
https://doi.org/10.1162/pres.1997.6.6.603
https://doi.org/10.1162/pres.1997.6.6.603
https://doi.org/10.1518/001872098779591368
https://doi.org/10.1518/001872098779591368
https://doi.org/10.3758/s13423-019-01605-w
https://doi.org/10.1016/j.jecp.2018.09.016
https://doi.org/10.1016/j.jml.2011.07.009
https://doi.org/10.1016/j.jml.2011.07.009
https://doi.org/10.1101/lm.722908
https://doi.org/10.1089/cpb.2004.7.540
https://doi.org/10.1089/cpb.2004.7.540
https://doi.org/10.1089/109493103321640374
https://doi.org/10.1089/109493103321640374
https://doi.org/10.1080/17405629.2017.1287073
https://doi.org/10.1080/17405629.2017.1287073
https://doi.org/10.1080/02699930903498186
https://doi.org/10.1089/cyber.2009.0187
https://doi.org/10.1162/105474698565686

Virtual Reality (2022) 26:55-75

75

Won AS, Bailey J, Bailenson J et al (2017) Immersive virtual reality
for pediatric pain. Child Basel Switz. https://doi.org/10.3390/child
ren4070052

Yildirim C, Bostan B, Berkman MI (2019) Impact of different immer-
sive techniques on the perceived sense of presence measured via
subjective scales. Entertain Comput 31:100308. https://doi.org/
10.1016/j.entcom.2019.100308

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.3390/children4070052
https://doi.org/10.3390/children4070052
https://doi.org/10.1016/j.entcom.2019.100308
https://doi.org/10.1016/j.entcom.2019.100308

	Memory for a virtual reality experience in children and adults according to image quality, emotion, and sense of presence
	Abstract
	1 Introduction
	1.1 Immersion, sense of presence, and memory
	1.2 Emotions, memory, and sense of presence
	1.3 Aim of the present study

	2 Methods
	2.1 Participants
	2.2 Materials and stimuli
	2.2.1 Apparatus
	2.2.2 Stimuli
	2.2.3 Measures
	2.2.4 Procedure

	2.3 Data processing and statistical analysis

	3 Results
	3.1 Questionnaires completed before the experiment
	3.2 Recall performances
	3.2.1 ANOVA
	3.2.1.1 Island 
	3.2.1.2 City 

	3.2.2 Correlation analyses
	3.2.2.1 Island 
	3.2.2.2 City 

	3.2.3 Regression analysis
	3.2.4 Correlations between predictors
	3.2.4.1 Island 
	3.2.4.2 City 

	3.2.5 Regression analysis
	3.2.5.1 Island 
	3.2.5.2 City 


	3.3 Self-reported sense of presence
	3.3.1 SoP—evaluation of places
	3.3.1.1 Island 
	3.3.1.2 City 

	3.3.2 ITC-SOPI—evaluation of environments

	3.4 Self-reported emotion
	3.4.1 Self-reported arousal
	3.4.1.1 Island 
	3.4.1.2 City 

	3.4.2 Self-reported valence
	3.4.2.1 Island 
	3.4.2.2 City 



	4 Discussion
	4.1 Sense of presence: emotion and age effects vary according to virtual environment
	4.2 Arousal and valence measurements: a complex interaction between immersion, emotional nature of the stimuli, and age
	4.3 Memory of a virtual experience
	4.3.1 Impacts of age, immersion, and emotion on memory
	4.3.2 What might predict memory in VR?


	5 Limitations
	6 Conclusion
	Acknowledgements 
	References




