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Abstract

Episodic memories (EMs) are recollections of contextually rich and personally relevant past

events. EM has been linked to the sense of self, allowing one to mentally travel back in sub-

jective time and re-experience past events. However, the sense of self has recently been

linked to online multisensory processing and bodily self-consciousness (BSC). It is currently

unknown whether EM depends on BSC mechanisms. Here, we used a new immersive vir-

tual reality (VR) system that maintained the perceptual richness of life episodes and fully

controlled the experimental stimuli during encoding and retrieval, including the participant’s

body. Our data reveal a classical EM finding, which shows that memory for complex real-life

like scenes decays over time. However, here we also report a novel finding that delayed

retrieval performance can be enhanced when participants view their body as part of the vir-

tual scene during encoding. This body effect was not observed when no virtual body or a

moving control object was shown, thereby linking the sense of self, and BSC in particular, to

EMs. The present VR methodology and the present behavioral findings will enable to study

key aspects of EM in healthy participants and may be especially beneficial for the restoration

of self-relevant memories in future experiments.

Introduction

A defining feature of episodic memory (EM) is the capacity to provide information about the

content of our conscious personal experiences of “when” and “where” events occurred as well

as “what” happened [1,2]. Previous studies defined EM as the recall of contextually rich and

personally relevant past events that are associated with specific sensory-perceptual and cogni-

tive-emotional details [3–10]. EM has been distinguished from semantic memory, the latter

being associated with general self-knowledge and the recall of personal facts that are indepen-

dent of re-experiencing specific past events [11–17].

In a series of seminal papers, Endel Tulving highlighted the subjective dimension of EM

associated with the re-experiencing of specific past events by pointing out the importance of

the sense of self and introducing his influential notion of autonoetic consciousness. He argued
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that autonoetic consciousness is of fundamental relevance to EM, allowing one to mentally

travel back in subjective time and recollect one’s previous experiences [2,18–20]. Tulving dis-

tinguished autonoetic consciousness from noetic consciousness, linking the latter to semantic

memory and to knowing about (rather than re-experiencing) specific past events. Others

extended Tulving’s notion of EM and proposed that it is contributing to the sense of self across

time [10,12,21–25] and developed behavioral tasks such as mental time travel [26–31].

Although, several other cognitive domains have been proposed to contribute to the sense of

self (i.e. language, mental imagery, facial self-recognition [32–35]), recent research has

highlighted the importance of non-cognitive multisensory and sensorimotor contributions to

the sense of self. This novel theoretical and experimental approach is based on behavioral

[36,37], neuroimaging [38–40] and clinical data [39,41] and involves the processing and inte-

gration of different bodily stimuli to the sense of self: bodily self-consciousness (BSC) (for

review see [42,43]). BSC includes conscious experiences such as self-identification and self-

location [36,37,44,45], as well as the first-person perspective [39,46,47]. This work was based

on clinical observations in neurological patients with so-called out-of-body experiences char-

acterized by changes in the sense of self, in particular of the experienced self-location and per-

spective from an embodied first-person perspective to a third-person perspective [39,41] and

has been able to induce milder, but comparable, states in healthy participants using virtual

reality (VR) technology to provide multisensory stimulation [36,39,47].

Given the link of BSC with subjective experience and previous claims that subjective re-

experiencing of specific past events is a fundamental component of EM [2,18], we argue that

multisensory bodily processing may not only be of relevance for BSC, but also for conscious-

ness concerning past events. Recent findings have shown that BSC impacts several perceptual

and cognitive functions such as tactile perception [48,49], pain perception [50,51], visual per-

ception [52–54], as well as egocentric cognitive processes [55]. Concerning EM, St. Jacques

et al. [56] used a novel camera technology to examine the differences in self-projection (i.e. the

capacity to re-experience the personal past and to mentally infer another person’s perspective)

and found that the ventral–dorsal subregions of the anterior midline are functionally dissocia-

ble and may differentially contribute to self-projection when comparing self versus other. Ber-

gouignan et al. [57] reported that recall of items and hippocampal activity during the encoding

of episodic events is modulated by the visual perspective from where the event was viewed dur-

ing encoding and St. Jacques et al. [58] showed that first- versus third-person perspective dur-

ing retrieval modulated recall of autobiographical events and associated this with medial and

lateral parietal activations. Together, these findings revealed that retrieval-induced forgetting

is enhanced by third-person, but not first-person perspective. Therefore, these studies suggest

that encoding of EM requires the natural co-perception of one’s body and the extrapersonal

world, which is perceived from the first-person perspective. As such, we here predicted that

bodily multisensory processing, that has been described to modulate BSC, would interfere

with EM processes.

Traditionally, behavioral and neuroimaging EM studies rely on questionnaires, verbal

reports, interviews, or mental imagery and predominantly investigated memory retrieval by

using a variety of stimuli and procedures such as cue words and pictures [58–63]. For example,

important research relied on interviews with the participants [61,64] on personalized lists of

significant life events of participants [9,30,65–67], and employed different procedures asking

participants to re-experience particular life episodes [59,62,63,68,69]. This differs from

research investigating verbal memory through encoding and recall of word lists [70–73] or

testing spatial memory with figures, spatial paths, or other visuospatial materials [74–76] (for

which it is much easier to fully control encoding and retrieval). Beyond the use of controlled

images, short video clips or words in EM studies [4,77], an important line of neuroscientific
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EM work has used novel approaches employing stimuli from real world encounters, outside

the laboratory. For example, Cabeza et al. [65] created a campus tour paradigm and tested EM

retrieval by using digital photos taken from the tour. Similarly, Schacter et al. [78] introduced

a museum tour paradigm, which was used to study the reactivation-induced updating in mem-

ory for events experienced during the tour. Thus, during encoding, participants went on an

audio-guided museum tour, while wearing a camera which automatically took photos some of

which were selected to test EM (see also [56]). Vogel and Schwabe [79] also used pictures,

which were taken automatically and continuously by a camera during a 2-hour walk through a

zoo for testing EM, comparing events represented by pictures from their own zoo tour with

those of others. Several EM research groups have relied on advances in video technology and

VR during encoding and retrieval of information (i.e. spatial navigation [80,81]; social interac-

tions [82,83]). Participants were seated in front of a computer screen showing a virtual envi-

ronment and asked to navigate in such environments using a joystick (encoding) and later

asked to recall selected items from the environment (retrieval). These computer-based VR

studies suggest that both interactions with the environment during encoding or retrieval influ-

ence memory performance. Compared to passive participation, several VR studies showed bet-

ter learning performances across free recall trials and recognition tasks [80,84–86]. Plancher

et al. [87] suggested that interactions with the naturalistic environment created with VR

enhanced spatial memory. However, despite these important achievements, these virtual envi-

ronments were mostly using non-immersive VR systems, did not employ real life like virtual

scenes, and did not use VR technology that allows integrating the participants’ body (and

hence multisensory bodily stimulation) for the tested virtual life episodes. In the present exper-

iments, we took advantage of a recently developed immersive VR system, which allows us to

preserve the perceptual richness of life episodes, to fully control the experimental stimuli dur-

ing encoding and retrieval, and to integrate and manipulate multisensory information of our

participant’s body in an online fashion. Unlike in traditional, laboratory-based studies, here

we claim that particularly the presence of one’s own physical body plays a crucial role in our

experimental testing of EMs. Our paradigm approaches 3D real life episodes, but in a VR set-

ting for which all items of the scene during encoding and retrieval are fully controlled. This

VR technology allows us to examine the relation between “the bodily-self” and “the episodic-

self”, particularly the subjective experience of mentally travelling back in time. The present

experiments had one major technological and one major scientific goal: (1) develop and test

real life-like memory in the laboratory with virtual episodes using immersive VR and (2) inves-

tigate whether multisensory bodily stimulations that have been shown to impact BSC, percep-

tion, and egocentric cognition modulates EM.

In the first experiment, we tested our immersive VR system and sought to address some of

the experimental limitations of earlier EM studies, which either had limited control of actual

autobiographical stimuli and events during encoding and only examined the stage of EM

retrieval [5,60,67,88] or controlled EM encoding, but without the immersion into the original

scenes during EM retrieval [9,57,65]. The main aim of our first experiment was to validate our

novel VR paradigm in order to study EM in a more naturalistic setting. We further tested EM

performance and confidence for immersive three-dimensional (3D) VR scenes at two different

time points and for different number of items (that changed between both sessions), we pre-

dicted memory decreases depending on delay and on the number of items changed. Numerous

behavioral cognitive studies have observed dissociations between memory accuracy and mem-

ory confidence [89–95]. For example, Talarico & Rubin [89] showed that the objective accu-

racy for events of September 11th, 2001 did not differ from accuracy in every-day events.

However, the subjective feeling of remembering was enhanced for the highly arousing EMs

compared to everyday-like EMs. Likewise, Sharot & Yonelinas [91] found that emotional
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photographs were remembered with a greater subjective sense of recollection, yet the objective

memory performance between emotional and neutral photos did not differ. Similar to the

prior investigations examining the effect of emotional memories on subjective confidence, we

thus sought to investigate the impact of multisensory bodily cues on subjective confidence.

In the second experiment, we investigated the main scientific hypothesis of the present

experiments and tested the potential link between multisensory own body signals, that are fun-

damental for BSC and EM. Vision and proprioception are sensory signals that are highly rele-

vant for the brain in order to rapidly and continuously update the instantaneous

representation of the body in space. Perceiving one’s body as part of a visual scene (for exam-

ple a hand lying on a table) relies on i. visual, ii. proprioceptive, and iii. tactile cues. These sig-

nals are processed initially in different brain regions and subsequently integrated in

multisensory brain regions [42,43]. Such multisensory body-related signals are not just rele-

vant for hand perception, but also for BSC, including hand ownership (i.e. the feeling that this

hand is mine), self-identification with the body, self-location (i.e. experiencing the self as being

located in space), and the first-person perspective (i.e. experiencing the world from a spatial

origin with a direction) [42,43,96]. We thus examined whether the presence of online and con-

gruent multisensory cues from the participant’s body (i.e. the presence of one’s own physical

body from the first-person viewpoint) impacts memory performance and confidence in the

present VR paradigm, compared to an experimental condition where such online first-person

bodily cues are absent. Based on BSC work that has shown that view of the body enhances per-

ceptual and cognitive tasks [57,58] and based on the fact that during memory encoding the

body is in most instances co-perceived with the other elements of the scene, we predicted that

the presence of a body during encoding would enhance memory performance. Finally, we per-

formed a third (control) experiment in order to test whether the effect of multisensory bodily

stimulation that we observed in the second experiment is specific to multisensory bodily cues.

Methods

Participants

A total of 79 participants with normal or corrected to normal vision were recruited to the

study. None of the participants indicated neurological or psychiatric deficits and all partici-

pants were right-handed. In experiment 1, 16 participants (M = 23.7 years, SEM = 0.7 years, 8

female) participated in the immediate recognition group and 15 right-handed participants

(M = 23.4, SEM = 0.8, 7 female) participated in the one-hour delayed recognition group. In

experiment 2, 16 participants (M = 26.8 years, SEM = 0.6, 4 female) participated in the imme-

diate recognition group and 16 participants (M = 24.5 years, SEM = 1.1, 8 female) participated

in the one-hour delayed recognition group. In experiment 3, 16 right-handed participants

(M = 25.4, SD = 3.7, 7 female) participated in one-hour delayed group. Sample size was derived

from power analysis of previous BSC studies [97,98] and previous studies on mental time

travel [28,30]. According to these studies, our target effect size was 0.6 for the present experi-

ments. The study was approved by the local ethical committee (IRB of Geneva University) and

all three experiments were conducted in conformity with the Declaration of Helsinki. Written

and signed informed consents were obtained from all participants.

Virtual reality technology

Our VR technology uses a spherical capturing and recording system and an immersive setup

for first-person perspective (1PP) replay of the recorded real environments. For recording a

scene, 14 cameras (GoPro Hero4) are assembled on a spherical rig (360hero 3DH3PRO14H)

and linked to 4 pairs of binaural microphones (3DIO Omni Binaural Microphone) to cover
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the entire sphere of perception around a viewpoint (360˚ horizontally and vertically, stereo-

scopic vision, binaural panoramic audio). A custom software (Reality Substitution Machine,

RealiSM, http://lnco.epfl.ch/realism) then aggregates all data into a single high-resolution pan-

oramic audiovisual computer format (equivalent to more than 4 stereoscopic full HD movies).

A head-mounted display (HMD, Oculus Rift DK2; 900x1080 per eye, FOV ~105˚ Vertical, 95˚

Horizontal) was used to immerse participants into the recording and sound was administered

with noise-cancelling headphones (BOSE QC15). Furthermore, the HMD was coupled with a

stereoscopic depth camera (Duo3D MLX, 752x480 at 56Hz) mounted on its front face to cap-

ture participants’ bodies from 1PP. The RealiSM software then augments the fully immersive

environment with a realistic view from which participants could see their hands, trunk and

legs from 1PP. As a result, participants experienced as if they would be physically present in

the pre-recorded scenes and seeing oneself (not a 3D avatar). The software also allows integrat-

ing 3D virtual items seamlessly in the scene (experiment 3).

Stimuli

Participants were immersed in three (experiment 1) or two (experiments 2 and 3) pre-

recorded rooms via the HMD (see below). For the encoding session, 10 everyday-life items

(e.g., coffee machine, pen, trash bin) were placed in each room. These real-life items created

the natural context of episodic memory at both encoding and retrieval. During retrieval,

rooms remained either exactly the same as during encoding (i.e. the same 10 real-life items

were again presented at the same places in the previously visited rooms) or some of the items

(i.e. 1, 2 or 3 items) were replaced by new items that were not previously seen in any of the

scenes. Each room included different set of items in order to keep the same level of novelty

and thus avoid any facilitation on the following recognition task.

Paradigm

Each of the three experiments consisted of two sessions, an incidental encoding period (session

1) followed by an immediate (group 1) or one-hour delayed (group 2) surprise recognition

task (session 2). We studied incidental encoding (i.e. participants were unexpectedly given a

recognition test) in order to examine which of the every-day items would participants remem-

ber without expecting the recognition test. In all three experiments, participants were not

informed that we would later test their memory for the stimuli encountered during the encod-

ing session. Before the two experimental sessions, participants were seated on a chair and

asked to put on the HMD and headphones. Before the two experimental sessions, participants

were asked to put on the HMD and headphones. In order to familiarize with the VR technol-

ogy, each participant was immersed into an outside scene for 5 minutes, which we have

recorded in a park close to the Lake of Geneva. We specifically asked our participants to

remain seated, turn and look around and to explore the scene as if they were sitting on a bench

in the park. The lake scene consisted of a blue sky, there were trees behind them, and there was

a view on the lake in front of them overlooking the French Alps on the other sides of the lake).

Paradigm and testing sequence are depicted in Fig 1a.

Encoding session

During the encoding session, to assure that participants explored the entire room and to moni-

tor their attention within the different 3D scenes (i.e. the different rooms), participants were

instructed to freely explore each virtual room. Moreover, we programmed a virtual ball that

appeared in each of the three rooms and was moving within the rooms for a duration of 30 sec-

onds and covered all sections of the virtual room. Participants were asked to fixate the virtual
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ball and to follow its movements through the virtual room. In total, the target items in the

scenes, which were questioned during the retrieval session appeared at 6 different positions in

each room. After the ball stopped moving, participants freely explored each room for another

30 seconds.

The procedure in experiment 2 was identical. However, in order to test the effect of viewing

one’s own body during encoding we asked participants to follow the trajectory of the ball and

to point at the moving ball with their hand and finger. The main manipulation consisted in

showing the participant’s physical body (body condition) or not (no-body condition). This

was accomplished with the use of the stereoscopic depths cameras to capture in the partici-

pant’s body and by turning them on in the body and off in the no-body condition. The partici-

pant’s body was inserted in real-time in the virtual room and shown from the habitual visual

first-person viewpoint. In the body condition, participants saw their physical hand, the trunk,

and their legs (i.e. the stereoscopic depths cameras were turned on) in the HMD and as part of

the virtual 3D scene (Fig 1b). In the no-body condition, the virtual 3D scene was identical

Fig 1. Experimental procedure and 3D scenes. After a period of familiarization with the immersive VR setup, participants performed the encoding

session (10 minutes) during which they were exposed to different life-like 3D scenes (Fig 1a). Scenes were characterized by a room that contained

different items (table, photocopy machine, pen, etc.). In experiment 1, one group of participants performed the retrieval session (30 minutes)

immediately after the encoding session or after a one hour delay (see main text for further detail). Figs 1b-d shows the different conditions during the

encoding session that we used in experiments 1–3 (the retrieval session was the same across all experiments). Thus, participants always saw the same 3D

scenes on the head-mounted display, but the body of the participant was either not seen at all (Fig 1b; body condition), seen as part of the 3D scene (Fig

1c; no-body condition), or instead of the body a control object was seen (Fig 1d; control condition).

https://doi.org/10.1371/journal.pone.0197763.g001
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except that the participant’s body was missing (i.e. the stereoscopic depths cameras were

turned off) (Fig 1c). The order of presentation of the body and no-body condition was coun-

terbalanced between participants. In experiment 2 each participant explored two rooms (i.e.

with 3 rooms as in experiment 1 the experiment would have been too long).

In experiment 3, participants were also asked to follow the movement of the ball appearing in

each room (by physically pointing at it with their hand and finger). Yet in the object condition

they were shown a non-bodily control object, instead of their own physical body (Fig 1d). The

no-object condition was the same as the no-body condition in experiment 2. The presentation

of the object and no-object condition was counterbalanced between participants. No explicit

instructions to memorize items of visited rooms were provided. In experiment 3, each partici-

pant explored two rooms (i.e. to keep conditions comparable with respect to experiment 2).

Retrieval session. During the retrieval session, which was the same for all three experi-

ments (i.e. no-body or control object was shown), participants were informed that they would

be immersed in the same rooms again. They performed a total of three blocks of 40 trials (each

lasting 10 seconds). Within the three blocks of 40 trials, we presented 10 trials, which were

exactly the same as during the original encoding session (i.e. including the same 10 items). The

remaining 30 trials were different and had either 1, 2 or 3 new items replacing the respective

number of items shown during the encoding session. The blocks and individual trials in each

block were presented in a randomized order. Participants were free to re-explore the virtual

scenes for 10 seconds, after which they were asked two questions that were shown on the

HMD. First, participants performed a two-alternative forced choice task (yes/no) whether the

virtual scene shown during the retrieval session corresponded to the virtual scene during

encoding (recognition task) (“Is the scene exactly the same as when you first saw it?”). Partici-

pants indicated their response with a wireless computer mouse. Second, participants were

asked how confident they were about their answer (via a rating scale projected in the HDM;

range from 0 (low) to 9 (high confidence)).

Statistical analysis

In experiment 1, an independent samples t-test for hit rate and false alarm rate was applied to

test whether EM performance differed depending on delay (i.e. immediate x one-hour

delayed). Independent sample t-test were further used to analyze whether the hit rate and false

alarm for EM confidence ratings differed depending on delay. A mixed analyses of variance

(ANOVA) with the number of items changed (i.e. 1 item, 2 items or 3 items) and delay (i.e.

immediate x one-hour delayed) was performed. Further, a 2 x 3 mixed ANOVA was run to

understand the effects of delay (i.e. immediate x one-hour delayed) and number of items

changed in a room (i.e. 1 item, 2 items, 3 items) for the EM confidence for the false alarm

rates. Where appropriate, Greenhouse-Geisser corrections of degrees of freedom were used.

Significant ANOVA effects were explored by post-hoc tests using Bonferroni correction. The

significance level was set to alpha 0.05.

In experiment 2, we performed a mixed analysis of variance (ANOVA) with delay (i.e.

immediate x one-hour delayed) and body (i.e. body x no-body) as categorical factors on EM

performance for hit rate and 2 (i.e. immediate x one-hour delayed) x 2 (i.e. body x no-body) x

3 (i.e. 1 item, 2 items or 3 items) mixed analysis of variance (ANOVA) for false alarms. Where

appropriate, Greenhouse-Geisser corrections of degrees of freedom were used. Significant

ANOVA effects were explored by post-hoc tests using Bonferroni correction. The significance

level was set to alpha 0.05.

For EM confidence, a 2 x 2 x 3 mixed ANOVA was performed with delay (i.e. immediate x

one-hour delayed), body (i.e. body x no-body) and number of items changed (i.e. 1 item, 2
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items or 3 items) as categorical factors. Where appropriate, Greenhouse-Geisser corrections of

degrees of freedom were used. Significant ANOVA effects were explored by post-hoc tests

using Bonferroni correction. The significance level was set to alpha 0.05.

In experiment 3, an independent samples t-test was applied to test whether EM perfor-

mance differed in the object versus no-object condition. This was done for hit rate and for

false alarm rate. An independent sample t-test was also used to examine whether EM confi-

dence false alarm differed in the object versus no-object condition. A mixed analyses of vari-

ance (ANOVA) with the number of items changed (i.e. 1 item, 2 items or 3 items) and object

(i.e. object x no-object) was performed. Similarly, a 2 x 3 mixed ANOVA was run to under-

stand the effects of object (i.e. object x no-object) and number of items changed in a room (i.e.

1 item, 2 items, 3 items) for the EM confidence for the false alarm rates. Where appropriate,

Greenhouse-Geisser corrections of degrees of freedom were used. Significant ANOVA effects

were explored by post-hoc tests using Bonferroni correction. The significance level was set to

alpha 0.05.

Results

Experiment 1 (Immediate versus one-hour delayed group)

Participants in the delay group showed a significant decline in performance compared to the

immediate memory recognition group. Mean hit rate was significantly lower in the delay

group (M = 55.5, SEM = 5.3) than in the immediate group (M = 73.1, SEM = 3.6) (t (29) = 2.7,

p = 0.01) (Fig 2a). False alarm rates did not differ between both groups (immediate group:

M = 31.4, SEM = 5.8; delay group: M = 23.3, SEM = 3.0; t (29) = 1.1, p = 0.2) (Fig 2b). These

data show that participants recognized 3D scenic events better when tested immediately after

the exposure than when tested with a delay of one hour, without any effect of delay on false

recognitions.

Confidence ratings for hits in the immediate group (M = 6.2, SEM = 1.6) were not signifi-

cantly different from those in the delay group (M = 6.8, SEM = 1.3) (t (29) = 1.09, p = 0.2) (Fig

2c). The same was found for false alarms confidence that did not differ between the immediate

group (M = 5.8, SEM = 0.4) and delay group (M = 6.4, SEM = 1.2) (t (29) = 0.7, p = 0.3) (Fig

2d). Thus, despite changes in recognition, confidence did not differ depending on delay.

We next examined whether performance in the present task depended on the number of

items changed within each immersive 3D scene. This analysis was conducted on the false

alarm rate (as no items changed for hits, by definition). As predicted, analysis revealed a signif-

icant main effect for the number of items changed (F (2, 58) = 52.85, p< 0.0005, partial η2 =

0.64) (Fig 3a). Pairwise comparisons were performed for statistically significant main effects

and revealed that participants made progressively fewer false alarms with increasing number

of items (all p-values < 0.0005).

There was also a statistically significant main effect for the number of items changed (F

(1.121, 32.519) = 4.163, p = 0.02, partial η2 = 0.12) (Fig 3b), revealing that participants were

progressively more confident in their performance with increasing number of items that were

changed between both sessions. These data show that participants made more recognition

errors and were less confident in conditions in which less items were changed between encod-

ing and retrieval.

Experiment 2 (Body versus no-body condition)

Data for hit rates showed a significant two-way interaction between the time of retrieval and

body conditions (F (1,30) = 7.44, p = 0.01, partial η2 = .19). Post-hoc testing revealed that this

effect was explained by a higher hit rate in the body, which was found specifically in the delay
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condition (body: M = 82.5, SEM = 8.2; no-body condition: M = 63.7, SEM = 8.2; t (15) = 2.51,

p = 0.02), but not in the immediate condition (Fig 4a and 4b). These data show that recogni-

tion of immersive 3D scenes, that also include the first-person view of the participant’s body,

mimicking real-life experience is modulated and enhanced with respect to the same scenes

without such a bodily view. The 2 x 2 x 3 ANOVA for false alarms revealed a significant main

Fig 2. EM performance in experiment 1 (immediate versus one-hour delay condition). EM performance (hit rate, false alarm rates) and subjective

confidence ratings are indicated in percentage + SEM. (��) P< 0.01; (�) P< 0.05. Fig 2a. Hit Rate; Fig 2b. False Alarm Rate; Fig 2c. Confidence ratings

(Hits); Fig 2d. Confidence ratings (False alarms). Blue color represents the immediate condition. Green color represents the delayed condition.

https://doi.org/10.1371/journal.pone.0197763.g002

Fig 3. False alarms depend on number of items changed (experiment 1). EM performance (false alarms) is indicated in percentage + SEM. (��)

P< 0.01; (�) P< 0.05. Fig 3a. False Alarm versus Number of Items changed (i.e., 1 item, 2 items, 3 items); Fig 3b. Confidence Rate for False Alarm

versus Number of Items changed (i.e., 1 item, 2 items, 3 items).

https://doi.org/10.1371/journal.pone.0197763.g003
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effect for the number of items changed, F (1.173, 17.591) = 20.921, p< 0.001 (S1 Fig). The

other main effects and interactions were not significant (Fig 4c and 4d).

Confidence ratings for hits did not reveal any differences between the time of retrieval and

body conditions. The 2 x 2 x 3 ANOVA for confidence judgements in false alarms revealed a

significant main effect for the number of items changed, F (2, 30) = 8.38, p = 0.001. The other

main effects and the interactions were not significant. Thus, despite changes in recognition,

confidence did not differ depending on time of retrieval or body conditions.

Experiment 3 (object versus no-object condition)

There was no significant difference in hit rates for participants in the object condition

(M = 70.0, SEM = 8.3) compared to the no-object condition (M = 70.0, SEM = 8.2) (t (15) =

0.00, p = 1.00) (Fig 5a). Similarly, false alarm rates did not differ between conditions (object

Fig 4. Body view enhances recognition (experiment 2). Immediate versus one-hour delay EM performance is indicated in percentage + SEM is

indicated. (��) P< 0.01; (�) P< 0.05. Fig 4a. Hit Rate in immediate body (in purple color) versus immediate nobody (in pink color) condition; Fig 4b.

Hit Rate in delayed body (in purple color) versus delayed nobody (in pink color) condition; Fig 4c. False Alarm Rate in immediate body (in purple

color) versus immediate nobody (in pink color) condition; Fig 4d. False Alarm Rate in delayed body (in purple color) versus delayed nobody (in pink

color) condition.

https://doi.org/10.1371/journal.pone.0197763.g004

Fig 5. No difference between object and no-object view (experiment 3). One-hour delay EM performance is indicated in percentage + SEM is

indicated. (��) P< 0.01; (�) P< 0.05. Fig 5a. Hit Rate for object versus no-object condition; Fig 5b. False Alarm Rate for object versus no-object

condition; Fig 5c. Confidence ratings (Hits); Fig 5d. Confidence ratings (False alarms).

https://doi.org/10.1371/journal.pone.0197763.g005
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condition: M = 46.2, SEM = 7.7; no-object condition: M = 46.0, SEM = 6.5; t (15) = -0.05,

p = 0.96) (Fig 5b). These data show that recognition of immersive 3D scenes, where a non-

bodily object, instead one’s own body, is visible from the first-person view, does not modulate

performance in the present task with respect to the same scenes without rectangular control

object.

Confidence for hits in the object condition (M = 4.8, SEM = 0.2) was not significantly dif-

ferent from the no-object condition (M = 4.4, SEM = 0.2) (Fig 5c). Confidence for false alarm

also did not differ between conditions (object condition: M = 4.3, SEM = 0.3; no-object condi-

tion: M = 4.5, SEM = 0.2) (Fig 5d).

Further, we examined whether memory performance depended on number of items

changed and the object vs. no-object condition. The analysis revealed a significant main effect

for the number of items changed for the false alarm rate (F (2, 30) = 7.79, p< 0.0005, partial η2

= 0.34). Post-hoc analysis revealed a statistically significant change from 1 item to 3 items

(p = 0.01; Bonferroni corrected). No statistically significant two-way interaction was found

between the object conditions and number of items changed. There was no significant differ-

ence between the no-object and object conditions.

We also tested whether the confidence in the performance accuracy depended on the num-

ber of changed items within each scene and the object condition. The main effect showed a sta-

tistically significant difference for the number of items changed (F (2, 30) = 3.42, p = 0.04,

partial η2 = 0.18). No statistically significant two-way interaction was found between the confi-

dence ratings for the object conditions and number of items changed.

Discussion

The present study allows us to draw three major conclusions. First, the present VR setup per-

mits to measure recognition memory for 3D scenes that are immersive, rich in contextual

detail, and that further integrates the moving body of the participant in online fashion. Our

VR setup, thus, approaches real-life experiences in controlled laboratory conditions. More-

over, the present VR setup allowed us to project the same 3D virtual scenes during the encod-

ing and retrieval sessions, providing us arguably with a level of experimental control that is

comparable to examinations of classical word/picture-based recognition paradigms [99–102],

which are typically used to study memory. Second, applying this new setup we report that rec-

ognition memory for the tested VR scenes depends on the delay and on the number of

changed elements between encoding and retrieval, comparable to findings for verbal and

visual-spatial memory. Third, we show that viewing one’s body as part of the virtual scene dur-

ing encoding enhances delayed retrieval. This body effect was not observed when no virtual

body was shown or when a moving control object (instead of the virtual body) was shown, sug-

gesting that embodied views lead to body-related performance changes, as reported in studies

investigating BSC.

An experimental VR setup that controls real-life like episodes during

encoding and retrieval

Most prior laboratory-based EM studies used cue words or images to trigger memory retrieval

and mental time travel to the past in a controlled fashion [5,6,12,31,60,80,87,103–105]. How-

ever, these studies controlled only for memory retrieval but not for memory encoding [4].

Contrary to these previous studies, we exposed our participants to rich and immersive real-life

scenes without the need for explicit mental time travel. Unlike earlier computer-based scenar-

ios, we also did not present participants with artificial scenarios (simulated events in 3D), but

immersed them into 360˚ video recordings of everyday real-life scenes that we digitalized for
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the encoding and retrieval sessions. Using the present naturalistic and controlled VR setup, we

ensured that our participants experienced virtual 3D scenes with congruent multisensory

bodily information (visual, motor, vestibular); these approach real-life experience as compared

to classical virtual computer game tasks that have been used for EM investigations in the past

[106,107]. Thus, the present VR technology and future improvements of it will open new pos-

sibilities for conducting episodic memory research under ecologically valid experimentation in

the laboratory by providing not only the ability to precisely design all stimulus aspects, but also

to replay fully controlled sequences of real-life events.

Delay and number of changed items modulates recognition memory

performance

Our data reveal two classical episodic memory findings. Recognition memory for real-life like

scenes decays with delay and improves depending on the number of items that were changed

between encoding and retrieval. Previous EM research is compatible with these findings, but

has not been able to test or quantify this directly. By definition, memories of each individual

differ and cannot be reproduced across participants and studies. As such, our VR approach

allows for more control of the environment, in particular the use of the exact same context for

both the encoding and the retrieval phase as well as a digital method to manipulate and control

the 3D stimulus material. Combining immersive VR with memory research thus allowed us to

get both high control and reproducibility, while allowing to test real-life like scenes and events

as compared to standard retrieval tasks. Specifically, while associative recognition memory for

words or pictures [108–110] and EM [94,95,111] has been tested for different memory delays,

previous VR-based paradigms, investigating the formation of episodic memory of life-like

events, mostly tested immediate memory performance [81,82,112,113] (but see [114]). The

present findings can be compared with classical memory findings for verbal and pictorial

material where increasing delays increases forgetting [18,90,91,115,116] and with spatial mem-

ory work, where active navigation reduces forgetting as compared to passive viewing

[80,84,85,87]. Thus, although we only tested short delays (i.e. one hour), our data show that

participants remembered 3D scenes better when tested immediately after encoding as com-

pared to delayed retrieval. Our second predicted finding that recognition memory was better

when more items were changed between the encoding and retrieval is also compatible with

classical findings concerning the recognition of visual changes when testing long-term mem-

ory for spatial scenes, complex figures (including faces), or short texts [117,118], further

revealing the experimental validity of the present setup for research in episodic memory.

Embodiment and episodic memory of life-like events

Besides reproducing classic memory effects, the present study also reveals a new finding, i.e.

that memory is better when the body is visible at the encoding. Research on embodiment and

BSC has used several VR paradigms and revealed the influence of multisensory and sensori-

motor bodily input and has highlighted the importance of the view of the observer’s body [43].

Such research showed that BSC can be modulated by showing the body or body parts of the

participant from different first-person viewpoints compared to showing no body at all. More-

over, this effect has been shown to be body-specific by demonstrating that different non-cor-

poreal objects shown from the same position and viewpoint do not alter BSC [43]. Here, we

extend this BSC principle to memory research by showing in experiment 2 that the recognition

of 3D scenes that included within the first-person view also the participant’s body (as is charac-

teristic of normal everyday perception) was modulated and significantly enhanced with respect

to the same scenes without such a bodily view. This is compatible with previously reported
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effects for multisensory bodily perception [48,49] and BSC [37,39,44]. These BSC studies

showed that visuo-tactile perception, as well as self-identification and self-location towards a

seen human body or body part are enhanced when the body is shown in congruent position

with respect to the participant’s body. Accordingly, we argue that the present body effect on

the recognition memory of 3D scenes is comparable to similar effects in multisensory percep-

tion and BSC (i.e. for review see [43]) as well as a number of cognitive processes, where self-

related bodily information is critical. For instance, viewing the body increases tactile percep-

tion [119], modulates interpersonal tactile responses [120,121], affects social cognition

[122,123], and concept processing [55].

The post-encoding modulation of EM performance at a delay due to the

presence of bodily-self

It is of relevance to point out that the enhancement of EM performance in the body present

condition was observed only in the one hour delayed retrieval session, but not when the

retrieval followed immediately after the encoding session. Most events that people experience

during their daily life will be forgotten. What determines which of the every-day experiences

will be remembered? It has been well demonstrated that people tend to remember better those

life-episodes, which are distinct and personally meaningful and, of importance for the present

study, relate to the self or self-consciousness [21,24,28,30,124–126]. Additionally, the ability to

discriminate among similar experiences is a crucial feature of episodic memory [127]. As such,

the encoding while viewing one’s body may provide a better separation of memory traces than

an encoding without a body as the multisensory integration of congruent signals from the

body generates a more distinct target pattern to compare to the lures. Moreover, the typical

delay for hippocampal consolidation processes starts at approximately one hour (for shorter

delays it may rather relate to short-term memory, relying distinct mechanisms) [128–131].

Accordingly, we argue that enhanced self-relevance and recruitment of BSC-related processing

in the present experiment (by viewing one’s body during encoding) improves the consolida-

tion process of episodic memories, but not shorter-spanned memories. Similar delay-only

effects have also reported during other manipulations. Thus, Sharot & Yonelinas [91] showed

that emotion had no effect on recall when tested immediately after encoding, but only after a

delay. Future work, including neuroimaging should investigate whether the modulation of

delayed recall as described in the present experiments and those by previous authors rely on

similar or distinct mechanisms. This testing may also include the investigation of additional

BSC constraints (i.e. peripersonal space and embodiment [43,49,132]).

It could be argued that the enhanced EM performance of experiment 2 could relate to dif-

ferences in the amount of visual information provided in both conditions (higher in the body

versus the no-body condition) or higher salience or attention due to the additional inclusion

of the tracked body in the body condition. First, we note that addition of the tracked body

actually covers or hides parts of the virtual scene and may have thus incidentally hid some of

the changed items and should thus rather decrease recognition memory. Yet, the opposite was

observed in experiment 2. However, in order to formally investigate the potential role of differ-

ences due to vision or attention between conditions we compared, in experiment 3, the no-

object condition with a condition in which participants viewed a non-bodily control object

that was moving congruently with the participant’s body in real-time. Data from this experi-

ment revealed no memory improvement in the object condition, arguing against a visual or

attentional account and further corroborating our proposal that the present recognition

enhancement is due to multisensory-motor bodily stimulation that has been shown to be cru-

cial for BSC [36,42,49,133] and characteristic of normal everyday experience. These data also

Body view and episodic memory

PLOS ONE | https://doi.org/10.1371/journal.pone.0197763 March 7, 2019 13 / 22

https://doi.org/10.1371/journal.pone.0197763


argue against the possibility that the present body effect on recognition memory can be gener-

alized to an embodied object as the object condition did not induce any performance changes.

Future EM studies should investigate other BSC aspects, such as peripersonal space, embodi-

ment, and visual-proprioceptive alignment [43]. By revealing bodily effects in the present EM

paradigm, we thus link BSC to EM, extending earlier memory work [57] that has focused on

contributions of the first-person perspective in autobiographical memory or of vestibular pro-

cessing on EM [134]. Finally, based on these data we argue that the brain mechanisms of BSC

are linked to those of autonoetic consciousness that are of fundamental relevance to EM.

Autonoetic consciousness is the ability to mentally travel back in subjective time and recollect

one’s previous experiences [2,18–20] and the present data suggest that multisensory bodily

processing during encoding and remembering are not only of relevance for the conscious

bodily experiences of self-identification, self-location, and first-person perspective

[36,37,39,44–47], but also autonoetic consciousness.

Confidence and episodic memory

Does confidence mimic these changes in episodic memory performance? We report, as pre-

dicted, that confidence increased jointly with memory recognition improvements for condi-

tions in which more items were changed. This finding is in line with several studies showing

that confidence in everyday, non-arousing EM, measured by remember/know paradigms and

recollection questionnaires, declines together with the objective memory performance

[95,108,111]. However, our data also show that confidence levels dissociate from memory per-

formance, as delay dependency and the view of one’s body (experiment 2) during encoding

modulated recognition memory, but not confidence levels. Further research needs to target

objective memory performance and subjective confidence using real-life scenes as tested with

the present VR setup. The differential delay- and body-effects in the present study suggest that

memory performance and confidence rely on distinct functional mechanisms [135], poten-

tially consistent with the classical two-component model of episodic memory highlighting the

distinction between familiarity and recollection, with only the second leading to changes in

confidence [110].

Outlook

The present VR methodology and the present behavioral findings will enable to study several

key aspects of EM, including its subjective, behavioral and neural mechanisms and may benefit

basic memory research in healthy participants, the understanding of memory disorders, and

potentially provide therapeutic options. Concerning the involved brain mechanisms of

BSC-EM interactions it will be important to describe how BSC related neural systems

described for body ownership and self-identification [136,137], self-location and first-person

perspective [39,138], as well as for temporal aspects of self-related processing [24,137] will

interact with the well-described memory circuits in the medial temporal lobe. However, as the

typical encoding of everyday life events is always associated with multisensory information

involving the body (only few of which we tested here), more detailed investigations are neces-

sary, involving BSC constraints [43]. Moreover, beyond bodily cues, the present setup also

allows to control, auditory, visual cues, social cues and language material during encoding and

retrieval and thus to test its effects on EM in in rich real-life like scenarios. The same tech-

niques could also be extended and adapted to the investigation of amnesic patients. Future

work may study in particular the links between autonoetic consciousness and BSC. Finally,

there is a growing interest in VR for education (e.g. neurosurgery, firemen, pilots), cognitive

behavioral therapy (e.g. treating phobias or post-traumatic stress disorder), and as pain
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treatments [139,140]. Future work is needed in order to explore the differences between VR

and traditional studies in terms of learning and performance. Adaptations of the present setup

will allow to personalize memory scenarios for a given memory patient and may be beneficial

in memory rehabilitation [141,142].
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80. Sauzéon H, Arvind Pala P, Larrue F, Wallet G, Déjos M, Zheng X, et al. The use of virtual reality for

episodic memory assessment: effects of active navigation. Exp Psychol. 2011; 59: 99–108. https://

doi.org/10.1027/1618-3169/a000131 PMID: 22044787

81. Schedlbauer AM, Copara MS, Watrous AJ, Ekstrom AD. Multiple interacting brain areas underlie suc-

cessful spatiotemporal memory retrieval in humans. Sci Rep. 2014; 4: 6431. https://doi.org/10.1038/

srep06431 PMID: 25234342

82. Burgess N, Maguire E a, Spiers HJ, O’Keefe J. A temporoparietal and prefrontal network for retrieving

the spatial context of lifelike events. Neuroimage. 2001; 14: 439–53. https://doi.org/10.1006/nimg.

2001.0806 PMID: 11467917

83. Hawco C, Buchy L, Bodnar M, Izadi S, Dell’Elce J, Messina K, et al. Source retrieval is not properly dif-

ferentiated from object retrieval in early schizophrenia: An fMRI study using virtual reality. NeuroImage

Clin. 2014; 7: 336–346. https://doi.org/10.1016/j.nicl.2014.08.006 PMID: 25610794

84. James KH, Humphrey GK, Goodale M a. Manipulating and recognizing virtual objects: where the

action is. Can J Exp Psychol. 2001; 55: 111–120. PMID: 11433782

85. James KH, Humphrey GK, Vilis T, Corrie B, Baddour R, Goodale M a. “Active” and “passive” learning

of three-dimensional object structure within an immersive virtual reality environment. Behav Res Meth-

ods Instrum Comput. 2002; 34: 383–390. PMID: 12395554

86. Hahm J, Lee K, Lim S-L, Kim S-Y, Kim H-T, Lee J-H. Effects of active navigation on object recognition

in virtual environments. Cyberpsychol Behav. 2007; 10: 305–308. https://doi.org/10.1089/cpb.2006.

9952 PMID: 17474852

87. Plancher G, Barra J, Orriols E, Piolino P. The in fluence of action on episodic memory: A virtual reality

study. Q J Exp Psychol. 2012; 1–15.

88. Bonnici HM, Chadwick MJ, Lutti A, Hassabis D, Weiskopf N, Maguire E a. Detecting representations

of recent and remote autobiographical memories in vmPFC and hippocampus. J Neurosci. 2012; 32:

16982–91. https://doi.org/10.1523/JNEUROSCI.2475-12.2012 PMID: 23175849

89. Talarico JM, Labar KS, Rubin DC. Emotional Intensity Predicts Autobiographical Memory Experience.

Mem Cognit. 2004; 32: 1118–1132. PMID: 15813494

90. Sharot T, Phelps E a. How arousal modulates memory: disentangling the effects of attention and

retention. Cogn Affect Behav Neurosci. 2004; 4: 294–306. PMID: 15535165

91. Sharot T, Martorella E a, Delgado MR, Phelps E a. How personal experience modulates the neural cir-

cuitry of memories of September 11. PNAS. 2007; 104: 389–94. https://doi.org/10.1073/pnas.

0609230103 PMID: 17182739

92. Phelps E a, Sharot T. How (and Why) Emotion Enhances the Subjective Sense of Recollection. Curr

Dir Psychol Sci. 2008; 17: 147–152. https://doi.org/10.1111/j.1467-8721.2008.00565.x PMID:

21399743

93. Dolcos F, LaBar KS, Cabeza R. Dissociable effects of arousal and valence on prefrontal activity index-

ing emotional evaluation and subsequent memory: an event-related fMRI study. Neuroimage. 2004;

23: 64–74. https://doi.org/10.1016/j.neuroimage.2004.05.015 PMID: 15325353

Body view and episodic memory

PLOS ONE | https://doi.org/10.1371/journal.pone.0197763 March 7, 2019 19 / 22

http://www.ncbi.nlm.nih.gov/pubmed/8134342
https://doi.org/10.1162/jocn.1992.4.3.232
http://www.ncbi.nlm.nih.gov/pubmed/23964880
https://doi.org/10.1111/j.1469-7580.2005.00421.x
http://www.ncbi.nlm.nih.gov/pubmed/16011544
https://doi.org/10.1016/j.neuron.2014.07.032
http://www.ncbi.nlm.nih.gov/pubmed/25144874
https://doi.org/10.1177/0956797612457377
https://doi.org/10.1177/0956797612457377
http://www.ncbi.nlm.nih.gov/pubmed/23406611
https://doi.org/10.1016/j.tics.2011.08.004
http://www.ncbi.nlm.nih.gov/pubmed/21908231
https://doi.org/10.1016/j.psyneuen.2016.04.027
http://www.ncbi.nlm.nih.gov/pubmed/27240149
https://doi.org/10.1027/1618-3169/a000131
https://doi.org/10.1027/1618-3169/a000131
http://www.ncbi.nlm.nih.gov/pubmed/22044787
https://doi.org/10.1038/srep06431
https://doi.org/10.1038/srep06431
http://www.ncbi.nlm.nih.gov/pubmed/25234342
https://doi.org/10.1006/nimg.2001.0806
https://doi.org/10.1006/nimg.2001.0806
http://www.ncbi.nlm.nih.gov/pubmed/11467917
https://doi.org/10.1016/j.nicl.2014.08.006
http://www.ncbi.nlm.nih.gov/pubmed/25610794
http://www.ncbi.nlm.nih.gov/pubmed/11433782
http://www.ncbi.nlm.nih.gov/pubmed/12395554
https://doi.org/10.1089/cpb.2006.9952
https://doi.org/10.1089/cpb.2006.9952
http://www.ncbi.nlm.nih.gov/pubmed/17474852
https://doi.org/10.1523/JNEUROSCI.2475-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23175849
http://www.ncbi.nlm.nih.gov/pubmed/15813494
http://www.ncbi.nlm.nih.gov/pubmed/15535165
https://doi.org/10.1073/pnas.0609230103
https://doi.org/10.1073/pnas.0609230103
http://www.ncbi.nlm.nih.gov/pubmed/17182739
https://doi.org/10.1111/j.1467-8721.2008.00565.x
http://www.ncbi.nlm.nih.gov/pubmed/21399743
https://doi.org/10.1016/j.neuroimage.2004.05.015
http://www.ncbi.nlm.nih.gov/pubmed/15325353
https://doi.org/10.1371/journal.pone.0197763


94. Stone CB, Luminet O, Hirst W. Induced forgetting and reduced confidence in our personal past? The

consequences of selectively retrieving emotional autobiographical memories. Acta Psychol. 2013;

144: 250–257.

95. Hirst W, Phelps EA. Flashbulb Memories. Curr Dir Psychol Sci. 2016; 25: 36–41. https://doi.org/10.

1177/0963721415622487 PMID: 26997762

96. Blanke O, Metzinger T. Full-body illusions and minimal phenomenal selfhood. Trends Cogn Sci. 2009;

13: 7–13. https://doi.org/10.1016/j.tics.2008.10.003 PMID: 19058991

97. Blanke O, Pozeg P, Hara M, Heydrich L, Serino A, Yamamoto A, et al. Neurological and robot-con-

trolled induction of an apparition. Curr Biol. 2014; 24: 2681–2686. https://doi.org/10.1016/j.cub.2014.

09.049 PMID: 25447995

98. Park HD, Bernasconi F, Bello-Ruiz J, Pfeiffer C, Salomon R, Blanke O. Transient Modulations of Neu-

ral Responses to Heartbeats Covary with Bodily Self-Consciousness. J Neurosci. 2016; 36: 8453–

8460. https://doi.org/10.1523/JNEUROSCI.0311-16.2016 PMID: 27511016

99. Tulving E. Memory and consciousne. Can Psychol. 1985; 26: 1–12.

100. Dunsmoor JE, Murty VP, Davachi L, Phelps EA. Emotional learning selectively and retroactively

strengthens memories for related events. Nature. 2015; 520: 345–8. https://doi.org/10.1038/

nature14106 PMID: 25607357

101. Ritchey M, Montchal ME, Yonelinas AP, Ranganath C. Delay-dependent contributions of medial tem-

poral lobe regions to episodic memory retrieval. Elife. 2015; 4: 1–19.

102. Bradley MM, Lang PPJ. Affective Norms for English Words (ANEW): Instruction Manual and Affective

Ratings: Technical Report C-1, Gainesville, FL: The Center for Research in Psychophysiology, 1999.

University of Florida.

103. Addis DR, Moscovitch M, Crawley AP, McAndrews MP. Recollective qualities modulate hippocampal

activation during autobiographical memory retrieval. Hippocampus. 2004; 14: 752–62. https://doi.org/

10.1002/hipo.10215 PMID: 15318333

104. Holland AC, Addis DR, Kensinger E a. The neural correlates of specific versus general autobiographi-

cal memory construction and elaboration. Neuropsychologia. 2011; 49: 3164–77. https://doi.org/10.

1016/j.neuropsychologia.2011.07.015 PMID: 21803063

105. Buchy L, Hawco C, Bodnar M, Izadi S, Dell’Elce J, Messina K, et al. Functional magnetic resonance

imaging study of external source memory and its relation to cognitive insight in non-clinical subjects.

Psychiatry Clin Neurosci. 2014; 68: 683–91. https://doi.org/10.1111/pcn.12177 PMID: 24612152

106. Burgess N, Becker S, King J a, O’Keefe J. Memory for events and their spatial context: models and

experiments. Philos Trans R Soc Lond B Biol Sci. 2001; 356: 1493–503. https://doi.org/10.1098/rstb.

2001.0948 PMID: 11571039

107. Ekstrom AD, Copara MS, Isham E a, Wang W, Yonelinas AP. Dissociable networks involved in spatial

and temporal order source retrieval. Neuroimage. 2011; 56: 1803–13. https://doi.org/10.1016/j.

neuroimage.2011.02.033 PMID: 21334445

108. Dolcos F, LaBar KS, Cabeza R. Remembering one year later: role of the amygdala and the medial

temporal lobe memory system in retrieving emotional memories. PNAS. 2005; 102: 2626–2631.

https://doi.org/10.1073/pnas.0409848102 PMID: 15703295

109. Tompary A, Duncan K, Davachi L. Consolidation of Associative and Item Memory Is Related to Post-

Encoding Functional Connectivity between the Ventral Tegmental Area and Different Medial Temporal

Lobe Subregions during an Unrelated Task. J Neurosci. 2015; 35: 7326–7331. https://doi.org/10.

1523/JNEUROSCI.4816-14.2015 PMID: 25972163

110. Yonelinas AP. Components of episodic memory: the contribution of recollection and familiarity. Philos

Trans R Soc B Biol Sci. 2001; 356: 1363–1374.

111. Talarico JM, Rubin DC, King ML, Brown J. Flashbulb memories. Psychol Sci. 2003; 14: 455–461.

https://doi.org/10.1111/1467-9280.02453 PMID: 12930476

112. Spiers HJ, Burgess N, Maguire EA, Baxendale SA, Hartley T, Thompson PJ, et al. Unilateral temporal

lobectomy patients show lateralized topographical and episodic memory deficits in a virtual town.

Brain. 2001; 124: 2476–2489. PMID: 11701601

113. Watrous AJ, Tandon N, Conner CR, Pieters T, Ekstrom AD. Frequency-specific network connectivity

increases underlie accurate spatiotemporal memory retrieval. Nat Neurosci. 2013; 16: 349–56. https://

doi.org/10.1038/nn.3315 PMID: 23354333

114. Plancher G, Tirard A, Gyselinck V, Nicolas S, Piolino P. Using virtual reality to characterize episodic

memory profiles in amnestic mild cognitive impairment and Alzheimer’s disease: Influence of active

and passive encoding. Neuropsychologia. 2012; 50: 592–602. https://doi.org/10.1016/j.

neuropsychologia.2011.12.013 PMID: 22261400

Body view and episodic memory

PLOS ONE | https://doi.org/10.1371/journal.pone.0197763 March 7, 2019 20 / 22

https://doi.org/10.1177/0963721415622487
https://doi.org/10.1177/0963721415622487
http://www.ncbi.nlm.nih.gov/pubmed/26997762
https://doi.org/10.1016/j.tics.2008.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19058991
https://doi.org/10.1016/j.cub.2014.09.049
https://doi.org/10.1016/j.cub.2014.09.049
http://www.ncbi.nlm.nih.gov/pubmed/25447995
https://doi.org/10.1523/JNEUROSCI.0311-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27511016
https://doi.org/10.1038/nature14106
https://doi.org/10.1038/nature14106
http://www.ncbi.nlm.nih.gov/pubmed/25607357
https://doi.org/10.1002/hipo.10215
https://doi.org/10.1002/hipo.10215
http://www.ncbi.nlm.nih.gov/pubmed/15318333
https://doi.org/10.1016/j.neuropsychologia.2011.07.015
https://doi.org/10.1016/j.neuropsychologia.2011.07.015
http://www.ncbi.nlm.nih.gov/pubmed/21803063
https://doi.org/10.1111/pcn.12177
http://www.ncbi.nlm.nih.gov/pubmed/24612152
https://doi.org/10.1098/rstb.2001.0948
https://doi.org/10.1098/rstb.2001.0948
http://www.ncbi.nlm.nih.gov/pubmed/11571039
https://doi.org/10.1016/j.neuroimage.2011.02.033
https://doi.org/10.1016/j.neuroimage.2011.02.033
http://www.ncbi.nlm.nih.gov/pubmed/21334445
https://doi.org/10.1073/pnas.0409848102
http://www.ncbi.nlm.nih.gov/pubmed/15703295
https://doi.org/10.1523/JNEUROSCI.4816-14.2015
https://doi.org/10.1523/JNEUROSCI.4816-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25972163
https://doi.org/10.1111/1467-9280.02453
http://www.ncbi.nlm.nih.gov/pubmed/12930476
http://www.ncbi.nlm.nih.gov/pubmed/11701601
https://doi.org/10.1038/nn.3315
https://doi.org/10.1038/nn.3315
http://www.ncbi.nlm.nih.gov/pubmed/23354333
https://doi.org/10.1016/j.neuropsychologia.2011.12.013
https://doi.org/10.1016/j.neuropsychologia.2011.12.013
http://www.ncbi.nlm.nih.gov/pubmed/22261400
https://doi.org/10.1371/journal.pone.0197763


115. Dolcos F, LaBar KS, Cabeza R. Interaction between the amygdala and the medial temporal lobe mem-

ory system predicts better memory for emotional events. Neuron. 2004; 42: 855–863. PMID:

15182723

116. Talamini LM, Gorree E. Aging memories: Differential decay of episodic memory components. Learn

Mem. 2012; 19: 239–246. https://doi.org/10.1101/lm.024281.111 PMID: 22595687

117. Landauer T. How much do people remember? Some estimates of the quantity of information in long

term memory. Cogn Sci. 1986; 10: 477–493.

118. Shepard RN. Recognition memory for words, sentences, and pictures. J Verbal Learning Verbal

Behav. 1967; 6: 156–163.

119. Serino A, Haggard P. Touch and the body. Neurosci Biobehav Rev. 2010; 34: 224–236. https://doi.

org/10.1016/j.neubiorev.2009.04.004 PMID: 19376156

120. Serino A, Pizzoferrato F, Làdavas E. Viewing a Face (specially one’s own face) being touched

enhances tactile perception on the face. Psychol Sci. 2008; 19: 434–438. https://doi.org/10.1111/j.

1467-9280.2008.02105.x PMID: 18466402

121. Keysers C, Wicker B, Gazzola V, Anton JL, Fogassi L, Gallese V. A touching sight: SII/PV activation

during the observation and experience of touch. Neuron. 2004; 42: 335–346. PMID: 15091347

122. Maister L, Slater M, Sanchez-Vives M V., Tsakiris M. Changing bodies changes minds: Owning

another body affects social cognition. Trends Cogn Sci. 2015; 19: 6–12. https://doi.org/10.1016/j.tics.

2014.11.001 PMID: 25524273

123. Keysers C, Kaas JH, Gazzola V. Somatosensation in social perception. Nat Rev Neurosci. 2010; 11:

726–726.

124. Greenberg DL, Rubin DC. The Neuropsychology of autobiographical memory. Cortex. 2003; 687–

728. PMID: 14584549

125. Conway M. Memory and the self. J Mem Lang. 2005; 53: 594–628.

126. Conway MA, Loveday C. Remembering, imagining, false memories & personal meanings. Conscious

Cogn. 2015; 33: 574–581. https://doi.org/10.1016/j.concog.2014.12.002 PMID: 25592676

127. Yassa MA, Stark CEL. Pattern separation in the hippocampus. Trends Neurosci. F 2011; 34: 515–

525. https://doi.org/10.1016/j.tins.2011.06.006 PMID: 21788086

128. Dudai Y. The neurobiology of consolidations, or, how stable is the engram? Annu Rev Psychol. 2004;

55: 51–86. https://doi.org/10.1146/annurev.psych.55.090902.142050 PMID: 14744210

129. Squire LR, Genzel L, Wixted JT, Morris RG. Memory Consolidation. Cold Spring Harb Perspect Biol.

2015; 1–22.

130. McGaugh JL. Consolidating memories. Annu Rev Psychol. 2015; 66: 1–24. https://doi.org/10.1146/

annurev-psych-010814-014954 PMID: 25559113

131. Moscovitch M, Cabeza R, Winocur G, Nadel L. Episodic memory and beyond: The hippocampus and

neocortex in transformation. Annu Rev Psychol. 2016; 67: 105–134. https://doi.org/10.1146/annurev-

psych-113011-143733 PMID: 26726963

132. Serino A, Noel JP, Galli G, Canzoneri E, Marmaroli P, Lissek H, et al. Body part-centered and full

body-centered peripersonal space representations. Sci Rep. 2015; 5: 1–14.

133. Serino A, Alsmith A, Costantini M, Mandrigin A, Tajadura-Jimenez A, Lopez C. Bodily ownership and

self-location: Components of bodily self-consciousness. Conscious Cogn. 2013; 22: 1239–1252.

https://doi.org/10.1016/j.concog.2013.08.013 PMID: 24025475

134. Dijkstra K, Kaschak MP, Zwaan RA. Body posture facilitates retrieval of autobiographical memories.

Cognition. 2007; 102: 139–149. https://doi.org/10.1016/j.cognition.2005.12.009 PMID: 16472550

135. Sadeh T., Ozubko J.D., Winocur G., & Moscovitch M. How we forget may depend on how we remem-

ber. Trends Cogn Sci. 2014;

136. Grivaz P, Blanke O, Serino A. Common and distinct brain regions processing multisensory bodily sig-

nals for peripersonal space and body ownership. Neuroimage. 2017; 147: 602–618. https://doi.org/10.

1016/j.neuroimage.2016.12.052 PMID: 28017920

137. Peer M, Salomon R, Goldberg I, Blanke O, Arzy S. Brain system for mental orientation in space, time,

and person. PNAS. 2015; 112: 11072–11077. https://doi.org/10.1073/pnas.1504242112 PMID:

26283353

138. Guterstam A, Björnsdotter M, Gentile G, Ehrsson HH. Posterior cingulate cortex integrates the senses

of self-location and body ownership. Curr Biol. 2015; 25: 1416–1425. https://doi.org/10.1016/j.cub.

2015.03.059 PMID: 25936550

139. Pozeg P, Palluel E, Ronchi R, Solca M, Al-Khodairy A-W, Jordan X, et al. Virtual reality improves

embodiment and neuropathic pain caused by spinal cord injury. Neurology. 2017; 89: 1894–1903.

https://doi.org/10.1212/WNL.0000000000004585 PMID: 28986411

Body view and episodic memory

PLOS ONE | https://doi.org/10.1371/journal.pone.0197763 March 7, 2019 21 / 22

http://www.ncbi.nlm.nih.gov/pubmed/15182723
https://doi.org/10.1101/lm.024281.111
http://www.ncbi.nlm.nih.gov/pubmed/22595687
https://doi.org/10.1016/j.neubiorev.2009.04.004
https://doi.org/10.1016/j.neubiorev.2009.04.004
http://www.ncbi.nlm.nih.gov/pubmed/19376156
https://doi.org/10.1111/j.1467-9280.2008.02105.x
https://doi.org/10.1111/j.1467-9280.2008.02105.x
http://www.ncbi.nlm.nih.gov/pubmed/18466402
http://www.ncbi.nlm.nih.gov/pubmed/15091347
https://doi.org/10.1016/j.tics.2014.11.001
https://doi.org/10.1016/j.tics.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/25524273
http://www.ncbi.nlm.nih.gov/pubmed/14584549
https://doi.org/10.1016/j.concog.2014.12.002
http://www.ncbi.nlm.nih.gov/pubmed/25592676
https://doi.org/10.1016/j.tins.2011.06.006
http://www.ncbi.nlm.nih.gov/pubmed/21788086
https://doi.org/10.1146/annurev.psych.55.090902.142050
http://www.ncbi.nlm.nih.gov/pubmed/14744210
https://doi.org/10.1146/annurev-psych-010814-014954
https://doi.org/10.1146/annurev-psych-010814-014954
http://www.ncbi.nlm.nih.gov/pubmed/25559113
https://doi.org/10.1146/annurev-psych-113011-143733
https://doi.org/10.1146/annurev-psych-113011-143733
http://www.ncbi.nlm.nih.gov/pubmed/26726963
https://doi.org/10.1016/j.concog.2013.08.013
http://www.ncbi.nlm.nih.gov/pubmed/24025475
https://doi.org/10.1016/j.cognition.2005.12.009
http://www.ncbi.nlm.nih.gov/pubmed/16472550
https://doi.org/10.1016/j.neuroimage.2016.12.052
https://doi.org/10.1016/j.neuroimage.2016.12.052
http://www.ncbi.nlm.nih.gov/pubmed/28017920
https://doi.org/10.1073/pnas.1504242112
http://www.ncbi.nlm.nih.gov/pubmed/26283353
https://doi.org/10.1016/j.cub.2015.03.059
https://doi.org/10.1016/j.cub.2015.03.059
http://www.ncbi.nlm.nih.gov/pubmed/25936550
https://doi.org/10.1212/WNL.0000000000004585
http://www.ncbi.nlm.nih.gov/pubmed/28986411
https://doi.org/10.1371/journal.pone.0197763


140. SolcàM, Ronchi R, Bello-Ruiz J, Schmidlin T, Herbelin B, Luthi F, et al. Heartbeat-enhanced immer-

sive virtual reality to treat complex regional pain syndrome. Neurology. 2018;

141. Ptak. Cognitive rehabilitation of episodic memory disorders: from theory to practice. Front Hum Neu-

rosci. 2010; 4: 1–11.

142. Schnider A, Ptak R, Von Däniken C, Remonda L. Recovery from spontaneous confabulations parallels

recovery of temporal confusion in memory. Neurology. 2000; 55: 74–83. PMID: 10891909

Body view and episodic memory

PLOS ONE | https://doi.org/10.1371/journal.pone.0197763 March 7, 2019 22 / 22

http://www.ncbi.nlm.nih.gov/pubmed/10891909
https://doi.org/10.1371/journal.pone.0197763

