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Abstract VR-based paradigms could substantially in-
crease the ecological validity of various psychological re-
search topics as VR allows for submerging into real-life
experiences under controlled laboratory conditions. In par-
ticular, in the field of mnemonic research, concerns have
been raised that “laboratory memory” differs significantly
from “real-life” autobiographical memory. Our study
aimed to assess the immersive qualities of VR not only
upon application but -more importantly- during the retriev-
al of the virtual experiences subsequent to a VR session.
We presented participants with either a 360° VR or a 2D
video of a motorcycle ride followed by an unannounced
recognition memory task 48 h later. Increased retrieval
success and delayed reaction times in the VR group indi-
cate that immersive VR experiences become part of an
extensive autobiographical associative network, whereas
the conventional video experience remains an isolated ep-
isodic event.
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Introduction

With the recent advent of virtual reality technology (VR), the
toolkit for psychological research might get a powerful exten-
sion. While clinical research has already applied these
methods (cf. Riva et al. 2016; Rizzo et al. 2004), experimental
psychology has largely neglected them; VR-based paradigms
could substantially increase the ecological validity
(Kvavilashvili and Ellis 2004) of various psychological re-
search topics as VR allows to submerge into real-life experi-
ences under controlled laboratory conditions. In particular, in
the field of mnemonic research, previous concerns have been
raised that “laboratory memory” differs significantly from
“real-life” autobiographical memory regarding its underlying
mechanisms (e.g. Cabeza et al. 2004). Consequently, the ques-
tion emerges if VR experiments could overcome the limita-
tions posed by conventional laboratory experiments. To ad-
dress this issue, at first, it has to be clarified whether VR is
merely a fleeting visual or multimodal illusion or if the brain
accepts the VR experience as an imposed alternative reality on
a larger time scale. If the latter is the case, one will assume that
the immersive qualities of VR do not only emerge upon ap-
plication of the VR equipment (Burns and Fairclough 2015),
but -more importantly- during retrieval of the virtual experi-
ences subsequent to a VR session.

To test this assumption, we examined whether VR experi-
ences are remembered as an integrated part of the personal
biography (autobiographic memory) or merely as shallow ep-
isodic events (episodic memory). In general, autobiographic
and episodic memory are subsystems of declarative memory
(Renoult et al. 2012). Whereas episodic memory is character-
ized by unique events in a first-person perspective as well as
their encoding context (Conway 2005; Coronel and
Federmeier 2016; Grilli and Verfaellie 2014; Renoult et al.
2012; Tulving 1972), autobiographic memory comprises a
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larger set of operations (including episodic memory), namely
self-reflection, emotional evaluation and semantic processes
(Svoboda et al. 2006). Noteworthy, definitions of autobio-
graphic memory are relatively inconsistent within the litera-
ture and the demarcation from episodic memory is not always
clear: In a recent model of autobiographic memory unique but
highly self-relevant experiences are not included (Renoult
etal. 2016). However, pictures of such events are applied as an
autobiographical condition in a frequently acknowledged im-
aging study (e.g. Cabeza et al. 2004).

There is nevertheless broad and stable consensus that per-
sonal relevance and particularly self-involvement are the key-
elements of autobiographic memory (Roediger and Marsh
2003; Conway 2005). In order to avoid confusion within the
present experiment, we use the term participation based mem-
ory (PBM) for singular episodic events with a high degree of
self-involvement, observation based memory (OBM) for inci-
dentally, and shallow acquired episodic memories.

We hypothesize that the more complex and full-featured
configuration of PBM-related engrams entails longer retrieval
times as compared to OBM (Burianova et al. 2010; Kemp
etal. 2009). Furthermore, content in PBM is defined by higher
personal relevance (i.e. salience), and should thus be remem-
bered more accurately (Leshikar and Duarte 2012).

The higher personal relevance of immersive experiences
might not only modulate memory consolidation, but also in-
fluence the evaluation of perceived affect. Actually, affective
processing in connection with conventional immersive expe-
riences, such as video games, has been under investigation for
a long time (for critical review Ferguson 2007). As mnemonic
and affective processing are intrinsically intertwined (Blaney
1986; Kensinger 2009), we hypothesized that upcoming affect
in the VR and the video condition would differentially facili-
tate memory formation. More precisely, affect, which is gen-
erated or perceived under the impression of higher personal
relevance, might have a higher informative value and thus
exhibit stronger influence than a rather superficial affect.
“Real emotions” point to a real danger or something pleasant,
conversely, “screen emotions”™ might be equally strong, but do
not point at something with an immediate effect on the organ-
ism and are thus processed differently.

Methods

Forty-three participants were recruited from Osnabriick
University and gave informed consent. Participants were ran-
domly assigned to the VR- or the video-encoding condition
(VR: N =22, Mype = 21.14, SD = 2.38, 20 right-handed, 10
female; Video: N = 21, Myee = 21.57, SD = 2.06, 20 right-
handed, 12 female;). They had normal or corrected vision and
were screened for psychological and neurological disorders.
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Participants in the VR group were seated on a piano stool
and placed their hands on bicycle handlebars. They wore a
HTC Vive head-mounted display with headphones (see Fig.
la). In the video condition participants sat in front of a 55'-
monitor (visual angle: 32.94°x 55.87°), put their hands on the
table and watched a 2D video (Video can be retrieved from
https://osf.i0/g3k97/?view_only=
9efcfefadl 5f4d52b4a24ealaSe5400f). The large screen
allowed for covert and overt attention similar to the VR
display. The video was a 28-min motorcycle ride in the region
of Osnabriick recorded with a Samsung 360 Gear camera
(Pre-experimental route knowledge = 6.69%). Classic rock
and contemporary pop music were added to the video, as wind
noise had an annoying effect and had to be completely re-
moved. Both groups watched the same video. After the
(virtual) drive participants rated their mood on a 5-point
Likert scale from negative to positive. No participant aborted
the experiment due to motion sickness or other reasons. Forty-
eight hours later, they performed an unannounced recognition
memory task on a 19'-screen at a distance of 120 c¢cm (visual
angle: 7.15° x 4.77°). Each trial consisted of a fixation with a
randomized length between 500 ms and 750 ms followed by a
picture of a scene for two sec (details below). The task was to
indicate as quickly and accurately as possible via the left and
right arrow key whether they recognized the scene or not. The
key assignment was counterbalanced across participants.

For the memory task, 90 screenshots were taken from the
ride as well as from an equally long control ride. All
screenshots had a slight tilt, as the stationary nature of the
video condition would otherwise have led to an advantage,
as within the video condition encoding and retrieval cues
would be identical.

Results

The VR-group rated their experience significantly more real-
istic as compared to the Video-group (VR: M = 3.09,
SD = 0.75; Video: M = 2.52, SD = 1.03; #(36.47) = 2.06,
p < =.05; Cohen’s d = .633). They performed more than twice
as well in the memory task (VR: M = 46, SD = .38; Video:
M=.179,8D=41;141)=2.30, p< =.05; Cohen’s d = .713),
and it took them significantly longer to reply (VR: M = 2.46,
SD = 1.16; Video: M = 1.86, SD = 0.68; 1#(34.20) = 2.07,
p < =.05; Cohen’sd =.631) (see Fig. 1b). No differences with
respect to the post-ride mood were found (VR: M = 3.41,
SD = 0.80; Video: M = 3.57, SD = 0.60; t(41) = 0.75,
p = .456). Interestingly, the mood correlated positively with
d’ within the VR-group, r = .427, p < =.05, but not within the
Video-group, r = .272, p = .232. To complement our analysis,
we additionally applied a Bayesian #test considering the dif-
ferences in retrieval success and reaction time. The resulting
Bayesian factor replaces the traditional p-value by estimating
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Fig. 1 a Schematic representation of a virtual motorcycle ride with an
HTC Vive head mounted display. Please note that the actual experience
was a 360° video. b Results of the recognition task 48 h after the VR or
video motorcycle ride: Retrieval success indicated by d” is significantly

the likelihood of the null versus the alternative hypothesis
given a prior probability and the observed data. Unlike the
traditional t-test, the Bayesian t-test thus can accept the null
value (Kruschke 2013; Kruschke and Liddell 2017; Ly et al.
2016). For both r-tests, we used the default prior probability of
0.7071. As a result, for the retrieval success the Bayesian
factor was 2.34, indicating that the likelihood of H, is 2.34
higher than the null-hypothesis. The Bayesian factor for the
mean reaction time was rather neglectable with 1.54 (Table 1).

Discussion

Given the assumption that reaction times and retrieval success
are valid indicators for a widely ramified network of memory
traces, we were able to show that PBM (“autobiographical
memory”) and OBM (“episodic memory™) vary as a function
of immersion during encoding of identical visual experiences.
Crucially, subsequent memory performance was based on
identical retrieval cues. Memory traces formed under the
immersive sensation of a virtual experience are characterized
by richer content and more elaborate associative networks.
They thus bear a resemblance to PBM. Activation and

Table1  Absolute values of participants’ response over all subjects and

for each group separately. Standard deviation is presented in brackets
All Virtual reality Video

Hits 36.33(14.18) 36.64(13.46) 36.00(15.23)

Miss 56.56(15.71) 58.32(13.47) 54.71(17.90)

Correct rejection 71.60(17.92) 73.14(9.47) 70.00(23.98)

False positive 25.51(11.77) 21.91(9.42) 29.29(12.98)
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increased in the VR group compared to the video group. Furthermore, the
old/new classification in the VR group was prolonged as compared to the
2D video group. Standard error is presented

retrieval of engrams in these networks are more time consum-
ing opposed to video experiences, which remain isolated and
shallow events and resemble OBM. The richness (level of
detail) of PBM furthermore might promote correct recognition
decisions (Levine et al. 2002).

Additionally, our results revealed that the post-ride mood
did not differ between the groups, but clearly affected the
memory consolidation process for PBM. The study replicates
previous findings showing that positive emotions enhance
memory performance (Ashby and Isen 1999). Importantly,
this only holds for circumstances of high immersion, i.e.
whenever the emotional evaluation is of self-relevance.
Emotions perceived during personal or real experiences have
a higher informative value and are potentially relevant for
adaptive behavior compared to rather superficial emotions
elicited by screen events. They thus have higher salience than
those of shallow episodes.

These considerations lead to the question of the psycholog-
ical harm of virtual experiences, similar to the debate about
violence in video games promoting aggressive behavior. It
should be noted that the effects of video games on well-
being are rather small (for a recent meta-analysis see
Ferguson 2015). They are even smaller than the effects of
television (Sherry 2001), and are highly dependent on state
(i.e., pre-game) affect (Unsworth et al. 2007). Video game
violence seems furthermore not to be related to real-world
violence (Markey et al. 2014). However, the (envisioned) im-
mersion of VR applications might even more blur the border
between the real world and computer games. Whereas the
difference regarding immersion between different types of
video games can be considered to be gradual, VR represents
a new category of immersion. Conventional emotion regula-
tion strategies aiming at the reduction of negative affect by
reappraising a situation in non-emotional terms or by
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suppression (Gross 2002; Gross and John 2003) might not be
equally applicable. Importantly, our data just gives a hint to
another type of affective processing under the highly
immersive conditions of VR, and we do not know if our re-
sults generalize to other affective domains.

A pioneering study investigating the effects of immersion
on memory by comparing virtual reality with real events and a
conventional Desktop-PC experience provided mixed results
considering the relation between a sense of being present in
the scene and memory performance (Mania and Chalmers
2001). Supposedly, the used prototype of a VR headset was
technologically not advanced enough to create a fully
immersive experience. Hence, the overall memory perfor-
mance of VR was the lowest. However, the data gives the first
hint that the VR application facilitates especially the formation
of vivid memories. Generally, the underlying mechanism of
autobiographical (PBM) and laboratory (OBM) memories
seem to differ fundamentally (Roedinger and McDermont
2013). Roediger and McDermont likewise assume that real-
life events are weaved into the daily narrative, whereas labo-
ratory events are not. Indeed only a few overlapping regions
seem to be involved in both types of retrieval (McDermott
et al. 2009). Experience in virtual reality might take the same
route into autobiographical memory. Importantly, a recent
study comparing autobiographical and laboratory memory
provides further evidence that commonly used paradigms
used to study episodic memory are not approximations to real
life events as the underlying neural substrates differ signifi-
cantly (Chen et al. 2017).

Summing up, VR can be successfully applied to control for
factors, which otherwise make it difficult to differentiate be-
tween PBM and OBM. It thus is a powerful tool to increase
the ecological validity of future mnemonic research,
complementing conventional findings on *“laboratory
memories”. On a more general level, future cognitive-
psychological and clinical studies should take into account
that experimental findings might vary as a function of immer-
sion and self-relevance. Virtual reality actually deserves the
term reality - with all its prospects and risks. Scientific, clinical
and commercial applications benefit from the ability to admin-
ister virtual, alternative events. On the downside, disturbing or
traumatic VR experiences also might have adverse long-term
effects.
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