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Theoretical models have suggested an association between the
ongoing experience of the world from the perspective of one’s
own body and hippocampus-based episodic memory. This link
has been supported by clinical reports of long-term episodic mem-
ory impairments in psychiatric conditions with dissociative symp-
toms, in which individuals feel detached from themselves as if
having an out-of-body experience. Here, we introduce an experi-
mental approach to examine the necessary role of perceiving the
world from the perspective of one’s own body for the successful
episodic encoding of real-life events. While participants were in-
volved in a social interaction, an out-of-body illusion was elicited,
in which the sense of bodily self was displaced from the real body
to the other end of the testing room. This condition was compared
with a well-matched in-body illusion condition, in which the sense
of bodily self was colocalized with the real body. In separate recall
sessions, performed ∼1 wk later, we assessed the participants’
episodic memory of these events. The results revealed an episodic
recollection deficit for events encoded out-of-body compared with
in-body. Functional magnetic resonance imaging indicated that
this impairment was specifically associated with activity changes
in the posterior hippocampus. Collectively, these findings show
that efficient hippocampus-based episodic-memory encoding re-
quires a first-person perspective of the natural spatial relation-
ship between the body and the world. Our observations have
important implications for theoretical models of episodic memory,
neurocognitive models of self, embodied cognition, and clinical
research into memory deficits in psychiatric disorders.

self-consciousness | body illusion | dissociative experience |
autobiographical memory

Humans have the capacity to “travel back in time” and
reexperience past events of their lives. This capacity to re-

trieve the “what, where, and when” of rich autobiographical
memories is based on the episodic memory system (1), and it has
been associated with key brain regions, such as the hippocampus
(2–8). A characteristic feature of episodic memory is its intimate
link with one’s “self” (1, 9–11). There is always an “I” that ex-
periences the original event and an I that reexperiences the event
during the act of remembering. However, it has not been possible
to investigate this fundamental connection between episodic
memory and the “I experience” empirically because experimental
paradigms for manipulating the perceptual sense of I in space
have only recently been developed (12–14) (see further below).
A core feature of the “I experience” is a continuing experience

of the self as a distinguishable physical entity centered within the
body (“sense of bodily self”). This experience, distinct from the
external world, represents the most basic aspect of self-conscious-
ness (14–16). Every event in our lives is experienced from the
natural perspective of our own bodies. This first-person per-
spective constitutes the default mode of information processing
in human cognition and defines the egocentric spatial reference
frame that is fundamental for spatial perception, action, and
cognition. A key function of the hippocampus is binding ongoing
sensory, cognitive, and emotional information into coherent rep-
resentations for long-term storage (4, 7, 17–19). The cortical in-
formation is transmitted to the hippocampus, which transforms
these ongoing life experiences into long-term memories. Then,

during recall, the hippocampus supports the reactivation of the
same cortical and subcortical networks. Damage to the hippocam-
pus selectively affects the experiential quality of episodic mem-
ory (20). A fundamental assumption in theories and experiments
on hippocampal-based episodic memory (1, 9, 10, 21) that, to the
best our knowledge, has never formally been tested is the necessity
to perceive an event from a first-person perspective centered on
the body for the information to be encoded optimally.
Qualitative evidence for a link between the episodic memory

system and the body-centered first-person perspective has come
from clinical reports. Impairments in the ability to retrieve life
events are seen in disorders with dissociative symptoms, in which
individuals report feeling detached from themselves or outside of
their own bodies [e.g., posttraumatic stress disorder (22), bor-
derline disorder (23), and schizophrenia (24)]. For instance,
patients with posttraumatic stress disorder often report experi-
encing acutely traumatic events from a location outside of their
bodies (25), and they have reduced ability to remember the
traumatic event (26). These and related clinical observations
suggest that disturbances in the default way of experiencing the
world from the perspective of one’s own body affect subsequent
memory of these experiences.
We took advantage of recent developments in the cognitive

neuroscience of bodily self-perception (12–14) to induce “an out-
of-body dissociative experience” in healthy humans experiencing
real-life events (Fig. 1), and we examined whether they would
later display impaired episodic memory of these events. With the
assistance of a professional actor, we created ecologically valid,
socially and emotionally challenging events that the participants
could remember vividly 1 wk later (see SI Paradigm Development
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Exp. 1). The crucial experimental manipulation was to use a mul-
tisensory full-body illusion to move the center of bodily and spatial
awareness (sense of bodily self) from the location of the real body
to the other end of the testing room such that the test individual
experienced the life event from outside her/his body (12). We
compared this condition to a well-matched control condition, in
which the sense of bodily self was placed in a very similar loca-
tion as the real body such that the test individual experienced the
event from within the body.
We predicted that life events encoded with the sense of the

bodily self displaced outside the real body would disturb the
hippocampo-cortical episodic system and elicit a deficit in long-
term memory, compared with events encoded in the in-body
condition. We expected the hippocampal binding mechanism to
work optimally for events encoded in the in-body condition, in
which all of the information to be encoded was presented from
the in-body first-person perspective, and that violations to this
default mode would impair hippocampal functioning. The results
obtained from behavioral and functional magnetic resonance
imaging (fMRI) studies have provided experimental support for
these predictions, thus yielding compelling evidence for the basic
dependence of the hippocampal episodic system on the first-person
in-body perceptual experience of the world.

Results
Experimental Out-of-Body Dissociative Experience. During the life
events to be remembered (“encoding sessions”), the participants
sat in a chair and wore a set of head-mounted displays (HMDs)
and earphones, which were connected to two closed-circuit tele-
vision (CCTV) cameras and to an advanced “dummy-head mi-
crophone,” respectively. This technology enabled the participants
to see and hear the testing room in three dimensions from the
perspective of the cameras mounted with the dummy head mi-
crophones (Fig. 1). The cameras were either placed immediately
above and behind the actual head of the participant, creating an
experience of the room from the perspective of the real body (in-
body condition), or the cameras were placed 2 m in front [exper-
iment (exp.) 1] or to the side (exp. 2) of the participant, thus
making the participants experience the room and the individuals
in it as an observer outside of their real body (out-of-body

condition). To induce the strong illusion of being fully located in
one of these two locations and sensing an illusory body in this
place (12, 27), we repetitively moved a rod toward a location
below the cameras and synchronously touched the participant’s
chest for a period of 70 s, which provided congruent multisensory
stimulation to elicit illusory perceptions (12). The illusion
was maintained for 5 min, during which the ecologically valid life
events took place (see next section); throughout this period,
the participant received spatially congruent visual and auditory
information via the synchronized HMDs and dummy head micro-
phones, which further facilitated the maintenance of the illusion (SI
Paradigm Development Exp. 2).

Life Events-Encoding Sessions. The life events to be remembered
consisted of an oral examination for which the participants had
to prepare by reading written material (SI Materials and Meth-
ods). The eccentric professor conducting the examination was,
unbeknownst to the participant, a professional actor who was
following a script to create a realistic and natural social inter-
action, while still controlling the contents of the complex expe-
rience. The experiment started when the participant was led into
the testing room; the participants were seated and equipped with
the HMDs, and the full-body illusion was induced as described
in the preceding paragraph (in-body or out-of-body conditions).
The “professor” (i.e., the actor) entered the room and the field
of view of the HMDs. The professor sat in front of the partic-
ipant’s real body and interacted verbally with him or her for ∼5
min, sometimes standing next to the chair (the illusion was
maintained; SI Paradigm Development Exp. 2 and Fig. S1). The
participant was allowed to respond verbally but was instructed to
sit still to preserve the illusion. Each oral examination consisted
of general questions and monologues intermingled with oral
examination questions that assessed the participants’ knowledge
on each examination topic. The script was based on a classical
theater piece, and all of the participants were students to enhance
the self-relevance of the event (see SI Materials and Methods for
further details about the experimental procedures). After each
oral examination (or “life event”), the professor left the room,
and there was a short break, during which the experimenter en-
tered the room and collected questionnaire data quantifying the

A B CIn-body condition
(perspective from inside)

Out-of-body condition 180°
(perspective from the front)

Out-of-body condition 30°
(perspective from the side)

Fig. 1. Schematic representation of the experimental setup used during life event encoding. Manipulation of the experienced self-location (shaded figure)
relative to the real body (filled figure with HMDs), in three experimental conditions during a social interaction with a professor (an actor; filled figure with the
suit). View from the side (Upper) and view from the HMDs (Lower), i.e., the view of the participant. (A) The in-body condition; (B) the out-of-body condition at
180°; and (C) the out-of-body condition at 30°.
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emotional engagement and self-evaluated performance for the
“exam” (SI Materials and Methods). The experimenter then left
the room, and the professor entered the room again for the next
part of the exam. Four separate life events were enacted based on
the semistructured scripts, and each life event was randomly
assigned to the out-of-body condition or in-body condition.
While developing the paradigm, we ensured that the emotional
engagement and self-relevance of the life events were matched
across the conditions (SI Paradigm Development Exp. 1). In total,
each participant experienced two life events in the out-of-body
condition and two life events in the in-body condition.

Out-of-Body–Induced Episodic Amnesia. In the first behavioral study,
32 healthy naïve volunteers experienced the life events as de-
scribed above (exp. 1). The full-body illusion was rated as equally
strong under both the in-body and out-of-body conditions (Fig.
2A), and the participants rated their performance (Fig. S2) and
emotional engagement (Fig. S3) equally strongly across the con-
ditions, ensuring a valid comparison of otherwise equivalent con-
ditions (see SI Results for further details). One week later, the
participants’ episodic memory of these life events was examined
using a structured interview, in which the examination topic was
given as a cue for recall, and the participants had to recall each of
the four life events as vividly as possible (Materials and Methods).
The episodic quality of the recall experience was assessed (see SI
Materials and Methods, for further details). The participants had
significantly less episodic recall of life events encoded during the
out-of-body condition compared with the in-body condition [exp. 1,
encoding effect on episodic memory score, F(32) = 11.397, P =
0.002; Fig. 2B; SI Results]. In line with our hypothesis of an im-
paired binding mechanism during encoding, the memory impair-
ment included reduced spatial and temporal recall (Fig. S4).
In a second experiment, to exclude the possibility that dif-

ferences in the visibility of the professor’s face could be a
confounding factor, we reproduced the out-of-body amnesia ef-
fect using a slight variation in the out-of-body condition. Now,
the participant could always see the professor’s face, instead of
viewing him from the back as in the first experiment. We sub-
jected a new group of 32 naïve participants to experiencing the
out-of-body condition, using cameras placed to the side (30°) to
obtain the full view of the professor from the front (and them-
selves from the side, Fig. 1C). Importantly, when memory was
tested 1 wk later, we observed the same reduction in episodic
retrieval of the life events encoded out-of-body compared
with in-body [exp. 2, encoding effect on episodic memory score,
F(32) = 4.811, P = 0.037; Fig. S5 and SI Results].

Imaging Out-of-Body–Induced Amnesia. Next, we used fMRI to
determine whether the out-of-body memory impairment was
specifically associated with altered activation of the hippocam-
pus. Previous fMRI studies have shown that the episodic recall of
life events (episodic autobiographical memory) relies on a dis-
tributed set of brain regions that includes the hippocampus, the
lateral temporal cortices, the temporo-parietal junction, the me-
dial prefrontal cortex, the precuneus, and the retrosplenial cortex
(28–30). The actual contents of the memory representation are
believed to be stored in the cortex, with different cortical regions
dynamically linked by the hippocampus during successful epi-
sodic encoding and retrieval (28, 29, 31–33). A recent neuroim-
aging study showed modulation of hippocampal activation by the
level of rehearsal of a given autobiographical memory. Strong
hippocampal activity was seen during initial autobiographical
memory retrieval, but when individuals rehearsed the episode,
there was progressive attenuation of hippocampal activity (34).
Therefore, we predicted that the in-body condition would show
a pattern of progressively decreasing activity as a function of re-
petition. Correspondingly, we predicted that the out-of-body–
induced deficit in hippocampal activation would be most pro-
nounced during early retrieval because an impaired binding
mechanism during encoding should result in fragmented mem-
ories, which would be particularly difficult to retrieve fully and to
relive vividly during the initial recall [in our factorial design, this
prediction corresponded to a two-way interaction between the
encoding condition (out-of-body vs. in-body) and the repetition
(low, moderate, and high); see SI Materials and Methods and
the following section for details].
Approximately 2 wk before the fMRI experiment (10–14 d;

mean, 11.7 d), a new group of 21 naïve participants experienced
the four life events, according to the procedures described for the
first behavioral study (exp. 1). The blood oxygen level-dependent
(BOLD) signal was registered with fMRI during repeated re-
trieval of the four life events (Materials and Methods). After each
retrieval trial, the participants were asked to rate the vividness of
the recollected memories, their difficulty in retrieving the mem-
ories, the emotional salience of the retrieval, and the adopted
perspective during retrieval.
Before reporting the fMRI findings (see next paragraph), we

analyzed the behavioral data from the scan sessions to provide
complementary evidence for the hypothesis of hippocampus-
based episodic memory impairment regarding events encoded
out-of-body. Specifically, the vividness ratings of the recollected
memories were relevant in this regard, as vividness ratings and
episodic retrieval scores have been strongly correlated (35), and
vividness ratings have been linked to activity in the hippocampo-
cortical areas related to episodic memory (34, 36). Consistent
with our neurocognitive predictions, the vividness ratings dif-
fered between the out-of-body and in-body conditions, depending
on the number of repetitions [repetition by encoding interaction
effect: F(20,2) = 9.753; P = 0.006]. The first two retrieval trials of
life events encoded in-body were rated significantly more vivid
than the first two retrieval trials encoded out-of-body [t(21) =
3.866, P = 0.001; Fig. S6B]. This difference was absent in sub-
sequent trials (moderate numbers of retrieved episodes), and
the opposite pattern emerged for multiple repeated retrieval
trials (Fig. S7). Importantly, we observed no significant differ-
ences between the two conditions regarding the rated difficulty
of retrieval, the emotional salience of retrieval, or the adopted
perspective (P > 0.05), suggesting that the impairment was re-
stricted to the vividness of the memories. In summary, these
behavioral data from the fMRI experiment confirmed the results
from the first two memory experiments (exps. 1 and 2) and pro-
vided independent behavioral support for our hypothesis regarding
the out-of-body encoding effect on hippocampal activity during
repeated retrieval (see above) (34).
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Fig. 2. Results of the first behavioral study (exp. 1). (A) Questionnaire data
quantifying the in-body and out-of-body illusions during the encoding ses-
sions (see SI Results for further details). (B) The results of episodic re-
membering assessed after 1 wk, using a standard life event episodic memory
testing protocol (see Fig. S4 and SI Results for further details).
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In the fMRI analyses, we first identified the areas that were
more active during the retrieval of life events, compared with the
baseline task (SI Materials and Methods). As expected, we ob-
served increased activation of the bilateral retrosplenial cortex,
the medial prefrontal cortex, the hippocampal region, the bi-
lateral temporal pole, and the left angular gyrus across the two
conditions (Fig. 3B and Table S1). This set of areas corresponded
well with observations in previous neuroimaging studies (29, 32),
thus validating the ecological aspect of the encoding session.
Next, we tested our main hypothesis of disturbed hippocampal

activation when retrieving life events that had been encoded out-
of-body (compared with in-body). In accordance with this hy-
pothesis, the left posterior hippocampus was the only area showing
the predicted pattern of activity [interaction between the encoding
condition (out-of-body vs. in-body) and repetition (low, moderate,
high); peak voxel in the Montreal Neurological Institute (MNI)
coordinates: −27, −31, −11, Z(21) = 3.63, P = 0.019; familywise
error (FWE), corrected using small volume corrections on the
left and right hippocampi; Fig. 4A]. For events encoded in-body,
the left posterior hippocampus was strongly activated during
the initial retrieval trials, but it showed progressively less en-
gagement with further repetition (Fig. 4B), mimicking previous
findings of a rehearsal effect (34). A qualitatively different pattern
of activation was observed during repeated retrievals for out-of-
body–encoded events (Fig. 4B), in which the left posterior hip-
pocampus was not recruited during the initial retrieval trials but
was instead recruited during later trials (only after many repeti-
tions). Thus, the recall of events experienced out-of-body was not
only associated with diminished hippocampal responses during the
first recall, suggestive of specific episodic encoding impair-
ments, but continued recall of these experiences resulted in
a complete reversal of the pattern of activation (34) (see SI
Discussion, for further information).
Moreover, we observed a correlation between the specific

pattern of activation in the left hippocampus and the reported
degree of out-of-body–induced memory impairment across
individuals. The greater the participants reported a reduction in
the vividness of the remembered events encoded out-of-body
compared with in-body, the greater the reversal was of the nor-
mal pattern of hippocampal activation across retrieval trials
(encoding by repetition effects; P = 0.022 after FWE correction
for small volume correction on the left and right hippocampi;
R2 = 0.458; see Fig. 5 for details). Taken together, these imaging
results associate out-of-body–induced episodic memory impair-
ment with altered hippocampal recruitment.

Discussion
In this study, we used a multisensory full-body illusion in healthy
individuals to simulate an out-of-body dissociative experience,

during a realistic, real-life social event. This approach allowed us
to test the hypothesis that episodic memory encoding of an event
would require the perception of that event from within one’s own
body (first-person perspective). The experiments revealed two
important findings. First, the behavioral results showed that
episodic encoding of life events requires perceiving the world
from the first-person perspective centered on one’s real body,
and violations of this basic condition produced impaired episodic
recall, indicative of fragmented encoding. Second, the brain im-
aging data demonstrated that encoding events experienced out-of-
body specifically impacts the activation of the left posterior hip-
pocampus during retrieval, suggesting an impaired hippocampal
binding mechanism during encoding (see below). These findings
are fundamentally important, as they suggest a link between the
ongoing perceptual experiences of the body and the world from
the first-person perspective and the hippocampal episodic memory
system. This empirical observation provides a basis for models of
episodic memory (1, 2, 7, 8, 29, 31, 32, 34) and self-consciousness
(10, 13, 14, 37), and it is a striking example of embodied cog-
nition (38, 39), in which multisensory body self-perception di-
rectly influences a specific higher cognitive function, namely the
episodic long-term memory system.
Under normal conditions, an individual experiences the world

from the perspective of the physical body, and his/her center of
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Fig. 3. Activation of the episodic retrieval network during the recall of the present life events. (A) Schematic illustration of the retrieval session during
the fMRI paradigm. (B) The activation of the previously well-established network of episodic retrieval of life events when contrasting the retrieval
conditions with the baseline imagery condition (main effect of retrieval) (all activations show P < 0.05, corrected; the scale denotes t values; the acti-
vations were superimposed on a mean T1-weighted structural scan in the MNI standard space generated from the structural scans of all participants, and
masked with the search space of the episodic autobiographical network). The data indicate self-related medial cortical areas activated during both in-
body– and out-of-body–encoded life event recall.
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Fig. 4. The out-of-body experience specifically affected the activation of
the posterior segment of the hippocampus. (A) Reduced activation of the
left posterior hippocampus when retrieving life events encoded out-of-body
compared with those encoded in-body, particularly during the early retrieval
trials (interactions between condition and repetition). (B) The plots of the
estimated BOLD effect size.
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awareness, or self, is located inside the physical body (12, 13, 40).
This sense of owning a body in space defines the egocentric
reference frames used to generate spatial representations of the
external environment (41–43). In the present study, we used
a perceptual illusion to influence and to relocate fully this basic
sense of bodily self to a location outside the physical body. Thus,
our results provide insights into the link between spatial body
perception and the episodic memory system on a fundamental
level. The experimental manipulation consisted of spatially and
temporally correlated visual, auditory, and somatosensory signals
(12, 27), which caused changes in the central perceptual con-
struct of one’s own body in space—a construct that is produced
through the continuous integration of information from multi-
modal sensory inputs at the level of cortical multisensory asso-
ciation areas (13, 14).
The out-of-body dissociative experience impaired the epi-

sodic encoding process because the perceived and physical self-
locations were in the distance, thus violating the default ego-
centric information processing among the various multisensory,
emotional, social, and cognitive representations of the bodily self.
The multisensory experience of one’s own body is encoded in
egocentric reference frames (hands, arm, head, and body-centered
coordinates) in the premotor, posterior-parietal, and subcortical
structures (13, 44, 45). Although less is known about the reference
frames adopted for the emotional, social, and high-level cognitive
representations of self (11, 46, 47), the out-of-body dissociative
experience have impacted the integration of these processes dur-
ing the self-relevant social interactions that constituted the present
life events. Thus, we theorize that the out-of-body state interfered
with the binding of information from multiple sensory and cog-
nitive channels into coherent representations during encoding (4,
7, 17–19). (For further discussion of the hippocampus, body, and
space, see SI Discussion.)
A number of cognitive, contextual, and emotional factors con-

tribute to how well a particular episode is encoded and recollected
(1, 48–51). In the present study, these factors were therefore
carefully controlled. It has been well established that events
that evoke strong emotions are remembered better than less
emotional events (52) and that self-relevant events are remem-
bered better than events that are less self-relevant. With this point
in mind, we designed the current life events to evoke similar levels
of modest emotions with equal self-relevance; this effect was
further ensured by the randomization of events across conditions
and participants (SI Materials and Methods and Paradigm De-
velopment Exp. 1). Importantly, we ensured that these factors
were matched across in-body and out-of-body conditions to allow
for the comparison of otherwise equivalent conditions (Figs. S2

and S3 and SI Results). The out-of-body condition was not more
“distracting,” and it did not affect general cognitive functions (SI
Results) or performance on a verbal fluency task (SI Paradigm
Development Exp. 3 and Fig. S8) more than the in-body con-
dition. Finally, it might be argued that the illusory out-of-body
experience constituted a highly unusual experience; but “bizarre”
events are remembered better than ordinary events (53) and we
observed the opposite of a “bizarreness effect” in that the in-body–
encoded events were remembered better.
Our study outlines a neuroscientific framework for under-

standing why patients who experience an out-of-body dissociative
events often exhibit long-term memory problems [e.g., in post-
traumatic stress disorder (25), borderline disorder (23), and
schizophrenia (24)]. This research could be clinically significant,
as dissociation, including out-of-body experiences, is a major
vulnerability factor for psychopathology (22, 54). Given the ap-
parent requirement of a natural first-person perspective between
the body and the world for intact hippocampal memory function,
a dissociative out-of-body experience during an acutely stressful
event could, by itself, impair the encoding mechanism and pro-
duce fragmented, spatiotemporally disorganized memories. This
potentially patho-neurocognitive mechanism could be the target
of future research into treatment strategies for individuals suf-
fering from dissociative experiences and memory problems in a
wide range of psychiatric conditions and disorders.

Materials and Methods
Participants. In total, 129 participants were included in this study: 44 par-
ticipants were included for the paradigm development experiments (Table
S2); exps. 1 and 2 each included 32 healthy participants; for exp. 3, we
recruited 21 healthy participants. All of the volunteers provided written
informed consent before participation, and none of these individuals
exhibited a history of psychiatric or neurological disorders. The Regional
Ethical Review Board of Stockholm approved this study, and the experiments
were conducted according to the principles expressed in the Declaration of
Helsinki. For further details, see SI Materials and Methods.

Virtual-Reality Technology.During the encoding session, the participants were
seated in a chair in a relaxed position and were instructed not to move. Each
participant wore a pair of HMDs (Cybermind Visette Pro PAL; Cybermind
Interactive; display resolution, 640 × 480 pixels; color displays) with a wide
field of view (diagonal field of view, 71.5°). The HMDs were connected to
two synchronized CCTV cameras (Protos IV; Vista) placed side by side (ad-
justed to match the distance between the eyes, 8–10 cm) and mounted on
a tripod. Two pairs of cameras were mounted on tripods placed at two
different locations in the room. The participants also wore a set of studio-
quality earphones. The earphones were connected to a pair of microphones
placed inside the ear canals of an advanced dummy head microphone, which
provided a rich 3D sound space of the room from the perspective of the
dummy head (KU 100 dummy head audio system; Neumann artificial head
stereo microphone system). This advanced microphone was placed below
the tripod with the mounted CCTV cameras. During the recall session, the
participants were seated next to a table in a different testing room that did
not include any of the furniture from the encoding sessions, and they did
not wear the HMDs or the earphones (exp. 1, exp. 2); also for the fMRI ex-
periment, they lay on the bore inside the MRI scanner (exp. 3). For further
details, see SI Materials and Methods.

Memory Testing. Approximately 1 wk after the encoding session (see main
text above), the participants’ abilities to retrieve these events were examined
using a structured interview, in which the participants had to retrieve each
of the four events as vividly as possible, providing details of when and where
the event occurred, what happened, and what they felt (55). A remember/
know task followed. On the basis of these results, an “episodic remembering
score” was computed, which reflected the episodic memory quality of the
recall (see SI Materials and Methods for further details about the memory
testing procedures and analysis).

fMRI. Functional imaging data were collected using a 3.0-T Siemens MRI
scanner. The image volumes were preprocessed, spatially normalized to the
standard MNI space, and analyzed with standard procedures, using Statistical
Parametric Mapping software, version 8 (SPM8) (see SI Materials and Methods
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Fig. 5. Results of linear regression analysis of the fMRI data. (A) The results
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linearly associated with the amplitude of the BOLD effect size in the left
hippocampus.

Bergouignan et al. PNAS | March 25, 2014 | vol. 111 | no. 12 | 4425

PS
YC

H
O
LO

G
IC
A
L
A
N
D

CO
G
N
IT
IV
E
SC

IE
N
CE

S
N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
23

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318801111/-/DCSupplemental/pnas.201318801SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318801111/-/DCSupplemental/pnas.201318801SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318801111/-/DCSupplemental/pnas.201318801SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318801111/-/DCSupplemental/pnas.201318801SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318801111/-/DCSupplemental/pnas.201318801SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318801111/-/DCSupplemental/pnas.201318801SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318801111/-/DCSupplemental/pnas.201318801SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318801111/-/DCSupplemental/pnas.201318801SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318801111/-/DCSupplemental/pnas.201318801SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318801111/-/DCSupplemental/pnas.201318801SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318801111/-/DCSupplemental/pnas.201318801SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318801111/-/DCSupplemental/pnas.201318801SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318801111/-/DCSupplemental/pnas.201318801SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318801111/-/DCSupplemental/pnas.201318801SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318801111/-/DCSupplemental/pnas.201318801SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318801111/-/DCSupplemental/pnas.201318801SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318801111/-/DCSupplemental/pnas.201318801SI.pdf?targetid=nameddest=STXT


www.manaraa.com

for further details). Only activations that corresponded to P < 0.05 after cor-
rection for multiple comparisons in a random-effects analysis are reported. For
further details, see SI Materials and Methods.

Supporting Information includes SI Materials and Methods, SI Results, SI
Discussion, SI Paradigm Development Experiments (three experiments), Figs.
S1–S9, Tables S1 and S2, and Movies S1–S3.
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