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Abstract: Memories associated with the self are remembered more accurately than those associated
with others. The memory enhancement related to the self is known as the self-reference effect
(SRE). However, little is known regarding the neural mechanisms underlying the SRE in a social
context modulated by social relationships. In the present fMRI study, we investigated encoding-
related activation of face memories encoded with the self-referential process in a social context that
was manipulated by imagining a person-to-person relationship. Healthy young adults participated
in the present study. During encoding, participants encoded unfamiliar target faces by imagining a
future friendship with themselves (Self), their friends (Friend), or strangers (Other). During
retrieval, participants were presented with target and distracter faces one by one, and they judged
whether each face had been previously learned. In the behavioral results, target faces encoded in
the Self condition were remembered more accurately than those encoded in the Other condition.
fMRI results demonstrated that encoding-related activation in the medial prefrontal cortex (mPFC)
was significantly greater in the Self condition than in the Friend or Other conditions. In addition,
the generalized psycho-physiological interaction (gPPI) analysis showed that functional connectiv-
ity between activation in the hippocampus and the cortical midline structures (CMSs), including
the mPFC and precuneus, was significant in the Self but not in the Other condition. These findings
suggest that the SRE in a social context could be involved in the interaction between the CMS
regions, which are related to the self-referential process, and the hippocampus related to the mem-
ory process. Hum Brain Mapp 38:4256–4269, 2017. VC 2017 Wiley Periodicals, Inc.
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INTRODUCTION

Memories associated with selves are remembered more
accurately than those with others. Previous psychological
studies have reported that self-related memories are signif-
icantly enhanced compared to other-related memories or
memories encoded with the semantic process [Rogers
et al., 1977; Symons and Johnson, 1997]. The enhancement
of remembering memories involving self-related informa-
tion is known as the self-reference effect (SRE) [Cunning-
ham et al., 2008, 2013; Symons and Johnson, 1997]. Given
that compared to healthy individuals, individuals with
autism showed the decreasing enhancement of self-
performed memories [Millward et al., 2000] and the
reduced SRE [Toichi et al., 2002], the impairment of social
interaction in autism may be associated with the SRE defi-
cit in a social context. However, approximately 70% of the
studies showing a significant SRE have employed a
laboratory-based paradigm in which participants were
required to encode adjective words describing personality
traits by judging whether the words were appropriate to
express their own personalities [Symons and Johnson,
1997], and hence, little is known regarding the neural
mechanisms underlying the SRE in a social context. The
present functional MRI (fMRI) study investigated the neu-
ral mechanisms associated with the SRE in a social context
that was manipulated by imagining the social relationship
with others.

Functional neuroimaging studies have consistently dem-
onstrated the importance of the medial prefrontal cortex
(mPFC) in the self-referential process [Craik et al., 1999;
Feyers et al., 2010; Gusnard et al., 2001; Heatherton et al.,
2006; Johnson et al., 2002; Kelley et al., 2002; Zhu et al.,
2007]. For example, one fMRI study reported that the
mPFC region showed greater activation when judging
whether adjectives satisfactorily described the personality
traits of the self than when judging whether adjectives
accurately described the personality traits of friends or
judging whether adjectives were presented in capitalized
letters [Heatherton et al., 2006]. There is also functional
neuroimaging evidence that the cortical midline structures
(CMSs), including the mPFC or other medial structures,
contribute to the self-referential process [Kim, 2012; Marti-
nelli et al., 2013; Northoff et al., 2006]. For example, one
fMRI study found that activation in the mPFC and poste-
rior cingulate gyrus/precuneus was greater when judging
whether adjectives appropriately expressed the personality
traits of selves than when judging the semantics of adjec-
tives [Saxe et al., 2006]. In addition, another fMRI study
identified that activation within the mPFC was dissociable

between processes related to selves and to self–other inter-
actions and that activation in the posterior cingulate gyrus
reflected an interaction between these processes [Mano
et al., 2011]. Thus, the CMS regions including the mPFC
and posterior cingulate gyrus could be involved not only
in the simple association between selves and adjectives
related to personality traits but also in the reference pro-
cesses for self-related information in a social context.

Previous studies have reported enhanced retrieval of
memories encoded by the self-referential process, or the
SRE [Bower and Gilligan, 1979; Cunningham et al., 2008,
2013, 2014; D’Argembeau et al., 2005; Gutchess et al.,
2007b; Kesebir and Oishi, 2010; Kuiper and Rogers, 1979;
Leshikar et al., 2015; Pullyblank et al., 1985; Rogers et al.,
1977; Serbun et al., 2011; Sui and Zhu, 2005; Turk et al.,
2008, 2013; Yang et al., 2012; Zhang et al., 2014]. Functional
neuroimaging studies investigating the SRE have demon-
strated that activation in the mPFC region is significantly
greater during the encoding of self-related events than that
of events unrelated to the self [Gusnard et al., 2001; Gutch-
ess et al., 2007a; Leshikar and Duarte, 2012] and that
mPFC activation related to the SRE is also identified dur-
ing the retrieval of self-related events [Cabeza et al., 2004;
Lou et al., 2004]. In addition, another fMRI study revealed
that the mPFC, hippocampus, insula, and lateral temporal
cortex showed significant encoding-related activation asso-
ciated with the SRE and that functional connectivity pat-
terns between the posterior cingulate gyrus and mPFC
and between the hippocampus and posterior cingulate
gyrus were significant in the SRE [Morel et al., 2014].
Given that the medial temporal lobe (MTL) region, includ-
ing the hippocampus and parahippocampal gyrus,
reflected the successful encoding of episodic memories
[Davachi, 2006; Paller and Wagner, 2002], the interaction
of the CMS regions including the mPFC or other medial
structures, which are related to the processing of self-
related information, with the MTL, which reflects success-
ful encoding, could contribute to the SRE. However, little
is known regarding the neural mechanisms underlying the
SRE in a social context such as a person-to-person
relationship.

In the present study, using an event-related fMRI
method, we investigated the neural mechanisms related to
self-referential processing during the encoding of face
memories in a social context modulated by imagining the
person-to-person relationship. On the basis of previous
studies, we made three predictions. First, memories of
unfamiliar faces encoded by self-referential processing in
imagining participants’ own future friendships would be
enhanced in subsequent retrieval compared to those
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encoded by imagining future friendship with others. Sec-
ond, the CMS regions including the mPFC would show
greater activation during the encoding of unfamiliar faces
imagined a future friendship with the participants them-
selves, than those imagined a future relationship with
familiar or unfamiliar others. Third, functional connectiv-
ity between the CMS regions including the mPFC, which
reflects self-referential processing, and the MTL, which
reflects successful encoding [Paller and Wagner, 2002],
would contribute to the SRE in the social context of a
person-to-person relationship.

MATERIALS AND METHODS

Participants

In the present study, we recruited 12 pairs of personal
friends of the same sex (12 females and 12 males). They
were graduate or undergraduate students at Kyoto Uni-
versity or Osaka University and were paid for their partic-
ipation in our experiment. All participants were healthy,
right-handed, native Japanese-speaking individuals with
no history of neurological or psychiatric disease. To make
a cue stimulus used in the encoding task, photos of indi-
vidual faces with neutral expressions were taken before
the experiment. The data from five participants were
excluded from behavioral and fMRI analyses because neu-
roimaging data were not acquired for four participants
due to device malfunction and one showed significantly
higher false alarms (63.5%) than the other participants
(mean 5 19.8%, Smirnov–Grubbs test, P< 0.01). Thus, we
analyzed behavioral and fMRI data from a total of 19 par-
ticipants (9 females and 10 males, mean age 5 22.5 years,
SD 5 1.6). All participants gave informed consent to the
protocol that had been approved by the Institutional
Review Board (IRB) of the Graduate School of Human and
Environmental Studies, Kyoto University (24-H-9), and the
Graduate School of Medicine, Kyoto University (C644).

Stimuli

For the target and distracter stimuli, 288 pictures of
unfamiliar faces with emotionally neutral expressions (144
females and 144 males) were prepared. In these images,
the eyes were directed to the front, and the ages of those
shown ranged from thirties to fifties. Half of them were
chosen from the in-house face database, and the other half
were collected from material on web sites. The in-house
face database was made by the voluntary participation of
pedestrians in the downtown area of Kyoto city, and the
faces from web sites mainly included the local council
members in Japanese cities or prefectures other than Kyoto
city and the neighborhood areas. We confirmed that all
faces used in our experiment were unfamiliar for partici-
pants. For cue stimuli to instruct the experimental condi-
tion, face photos of participants and their friends who

were recruited together in the experiment were employed.
In addition, photos of one male and one female face,
which were in the same generation as the participants
(twenties) and unfamiliar to all participants, were used as
cue stimuli. All stimuli of faces were automatically cor-
rected in tone, contrast, and level using image-processing
software (Adobe Photoshop CS 5.1) and were then con-
verted into gray-scale images with a resolution of 96 dpi
and a dimension of approximately 256 3 296 pixels. The
288 unfamiliar faces of the target and distracter stimuli
were divided into four lists, among which age and sex of
stimuli were equalized. Three of the four lists were
applied to three encoding conditions of Self, Friend, and
Other (see below), and another list was used for the dis-
tracter stimuli in the retrieval phase. These four lists of
face photos were counterbalanced across the participants.

Experimental Procedures

All pairs of participants performed both encoding and
retrieval tasks, and each participant of the pair was exam-
ined individually in the fMRI scanning session. fMRI scan-
ning was applied to both the encoding and retrieval
phases. fMRI experiments during both encoding and
retrieval were designed by the event-related fMRI method.
Before fMRI scanning, participants were fully trained
using the encoding and retrieval practice tasks on a Win-
dows PC outside of the fMRI, and the experimenters con-
firmed that the participants comprehended the
experimental procedures completely. However, this manu-
script focused only on encoding-related activation, because
the aim of this study was to identify the effect of encoding
operations of self-referential process on behavioral
responses and encoding-related activation.

An example of encoding trials is illustrated in Figure 1.
During a block of encoding, participants were presented
with face pairs one by one: the face on the left side was
used as a cue to instruct the encoding condition and the
face on the right side was presented as a target to be
remembered. Participants were instructed to subjectively
rate how appropriate the target face is to the cued face in
forming a potential friendship, and were told that their
memory for the target faces would be tested in the later
retrieval task. Responses for the ratings were recorded by
pressing one of four buttons (DI, definitely inappropriate;
PI, probably inappropriate; PA, probably appropriate; DA,
definitely appropriate). Cues on the left side included faces
of the participant, the participant’s friend who was
recruited to this experiment with the participant, and
unfamiliar people of the same sex and generation as the
participant, and these faces indicated the encoding condi-
tion of Self, Friend, and Other, respectively.

In the Self condition, participants were presented with
their own face as a cue on the left side and were required
to rate how appropriate a friendship would be between
the target face on the right side and the participants’ own
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face. In the Friend condition, participants were presented
with a cued face of their friend who participated in the
experiment and were required to rate how appropriate a
friendship would be between the target face and the par-
ticipant’s friend. In the Other condition, participants were
presented with a cued face of an unfamiliar person on the
left side and were required to rate the appropriateness of
a potential friendship between the cued and target faces.
During encoding, each pair of cued and target faces was
presented on the screen for 5.5 s, and a visual fixation was
then presented as an interstimulus interval (ISI) for vari-
able durations (0.5–6.5 s). In each block of encoding, we
prepared 72 trials including 24 trials for each encoding
condition, and these trials were presented in a random
order across participants.

Immediately after the encoding block, participants per-
formed the retrieval task. An example of retrieval trials is
illustrated in Figure 1. During a retrieval block, partici-
pants were randomly presented with 96 faces individually,
including 72 target and 24 distracter faces, and were
required to judge whether the faces had been learned in
the encoding block just before. “Old” or “New” responses
were recorded by two levels of confidence, and hence,
four response options were given: “definitely old (DO),”
“probably old (PO),” “probably new (PN),” and “definitely
new (DN),” one of which was chosen by pressing one of
four buttons. Each face was presented for 3.5 s, and a
visual fixation was then shown as an ISI for variable

durations (0.5–6.5 s). The procedures for the encoding and
retrieval blocks were alternatively repeated three times
with different stimulus sets. Thus, participants performed
the encoding and retrieval tasks for 216 target and 72 dis-
tracter faces.

After finishing all blocks of the encoding and retrieval
tasks, participants subjectively rated how close the per-
sonal relationship was between themselves and their
friend who participated in the experiment using a visual
analogue scale (VAS) of 10 cm in length (from 0 cm: self
to 10 cm: unfamiliar other). The rationale of this rating
task was to confirm that participants mentally positioned
their friends between themselves and unfamiliar others in
personal relationship. The results showed that the mean
value of this closeness rating was 2.3 cm (SD 5 1.3). Thus,
we confirmed that participants appropriately positioned
their friends between themselves and unfamiliar others in
their mental distance of personal relationship. The results
of this rating were not disclosed to the friend of the
participant.

MRI Acquisition

All MRI data were acquired using a Siemens MAGNE-
TOM Trio 3T scanner at the Human Brain Research
Center, Kyoto University. The stimulus presentation and
recording of behavioral responses were controlled
by MATLAB programs (www.mathworks.com) on a

Figure 1.

Examples of the encoding and retrieval trials. During encoding,

participants were required to rate how appropriate a friendship

would be between a cued face on the left side, which indicated

one of three encoding conditions (Self, Friend, or Other), and a

target face on the right side, which was remembered. The rating

scale was as follows: DI, definitely inappropriate; PI, probably

inappropriate; PA, probably appropriate; DA, definitely appropri-

ate. During retrieval, participants were presented with

previously learned (target) and new (distracter) faces one by

one and were required to recognize whether the faces were tar-

get or distracter faces using four response options (DO, defi-

nitely old; PO, probably old; PN, probably new; DN, definitely

new). The example pictures shown in this figure were not

included in the stimulus sets of our experiment, and all verbal

labels were actually presented in Japanese. English labels are

used here for illustration purposes only.

r fMRI Study of Self-Reference Effect on Face Memories r

r 4259 r

http://www.mathworks.com


Windows PC. All stimuli were visually presented on an
MRI-compatible display (Nordic Neuro Lab, Inc., Bergen,
Norway), and the participants viewed the stimuli through
a mirror attached to the head coil of the scanner. Behav-
ioral responses were recorded using an eight-button optic
fiber response device (Current designs, Inc., Philadelphia,
PA, USA), which was composed of two response boxes
with four buttons each. In the present study, only one
four-button response box was assigned to the right hand
to record four response options in both the encoding and
retrieval blocks. The scanner noise was reduced with ear-
plugs, and head motion was minimized by foam pads.

During MRI scanning, T1-weighted sagittal localizer
scanning was acquired first. Second, gradient-echo echo-
planar functional images (EPIs), which are sensitive to
blood-oxygenation-level dependent (BOLD) contrasts,
were acquired for functional scanning during encoding
and retrieval (TR 5 2 s, TE 5 25 ms, flip angle 5 708,
FOV 5 24.3 3 24.3 cm, matrix size 5 64 3 64, slice thick-
ness/gap 5 3.8/0 mm, 34 horizontal slices). Finally, high-
resolution T1-weighted structural images were collected
(MPRAGE: TR 5 2 s, TE 5 4.38 ms, FOV 5 17.6 3 19.2 cm,
matrix size 5 176 3 192, slice thickness/gap 5 1.0 mm/0,
160 horizontal slices).

fMRI Data Analysis

For the analysis of the fMRI data, we employed Statisti-
cal Parametric Mapping 8 (SPM 8: Wellcome Department
of Cognitive Neurology, London, UK) implemented in
MATLAB. All functional images were corrected for slice-
timing and image movement related to head motion and
magnetic field drift. These corrected images were spatially
normalized into the Montreal Neurological Institute (MNI)
template (resampled resolution: 3.8 3 3.8 3 3.8 mm) and
then spatially smoothed using a Gaussian Kernel of
FWHM 8 mm.

After preprocessing, all fMRI images were statistically
analyzed at two levels: the individual level of each partici-
pant and the group level of multiple participants. In the
individual-level (fixed-effect) analyses, trial-related activa-
tion was modeled by convolving vectors of onset with a
canonical hemodynamic response function (HRF) in the
context of the general linear model (GLM). The timing of
onsets was set with the responses to the target stimuli.
Confounding variables of image movement induced by
head motion and magnetic field drift were also included
in this model. All encoding trials were divided into two
categories, subsequently remembered (Hit) and subse-
quently forgotten (Miss) trials [Paller and Wagner, 2002].
The Hit trials included encoding trials showing subse-
quent hits with DO and PO responses, and the Miss trials
included encoding trials showing subsequent misses with
DN and PN responses. In addition, the Hit and Miss trials
were subdivided by the encoding condition of Self, Friend,
or Other. The rationale of collapsing two levels of

confidence in categorization of the Hit and Miss trials was
that four participants showed only eight trials or less of
hits with high confidence in one encoding condition. Thus,
trial-related activation during encoding was modeled with
six experimental conditions determined by two factors,
encoding condition and subsequent memory (Self-Hit,
Self-Miss, Friend-Hit, Friend-Miss, Other-Hit, and Other-
Miss), and with one no-response for the encoding and/or
subsequent retrieval tasks. In the individual data statistics,
significant activation in each condition was defined by
comparing encoding-related activation in each of the six
experimental conditions with baseline activation while
viewing a visual fixation. Contrasts reflecting the activa-
tion of these regions identified in each condition yielded a
t-statistic in each voxel.

In the group-level (random-effect) analyses, the six con-
trasts identified in the individual-level analyses were ana-
lyzed by a two-way repeated-measure ANOVA with the
factors of encoding condition (Self, Friend, and Other) and
subsequent memory (Hit and Miss). The ANOVA model
was conducted by a flexible factorial design in SPM 8, and
a subject factor was included in the model. In this
ANOVA, three types of statistical analyses were per-
formed. First, to identify regions related to the self-
referential processes during encoding, an F-contrast reflect-
ing a main effect of encoding condition was inclusively
masked by two t-contrasts of Self versus Friend and Self
versus Other (P< 0.05). This procedure yielded an activa-
tion map reflecting a significant main effect of encoding
condition and showing greater activation in the Self condi-
tion than in the Friend and Other conditions. Second, suc-
cessful encoding activation was identified in an F-contrast
reflecting a main effect of subsequent memory masked
inclusively by a t-contrast of Hit versus Miss (P< 0.05).
This procedure yielded an activation map reflecting a sig-
nificant main effect of subsequent memory and showing
greater activation in Hit than in Miss. Finally, to find sig-
nificant activation related to the successful encoding of
self-related faces, we analyzed an F-contrast reflecting an
interaction between the factors of encoding condition and
subsequent memory. In these analyses, the height thresh-
old at the voxel level was corrected for whole-brain multi-
ple comparisons (FWE, P< 0.05). In regions fulfilling the
voxel-level threshold, regions with a cluster size of 2 or
more successive voxels were considered as significant acti-
vation in the present study. In addition, the hypothesis-
driven small volume correction (SVC) [Worsley et al.,
1996] was applied to regions of interest (ROIs) in the
mPFC and MTL (corrected by FWE, P< 0.05 at the voxel
level). The mPFC ROI for the self-referential process dur-
ing encoding was defined by methods in a previous study
[Fuster, 2001], in which this ROI was formed by combin-
ing multiple ROIs of the bilateral orbital medial frontal
gyri, superior medial frontal gyri, and anterior cingulate
gyri obtained from the AAL ROI package [Tzourio-
Mazoyer et al., 2002]. The MTL ROI for successful
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encoding included the bilateral hippocampi and parahip-
pocampal gyri obtained from the AAL ROI package.

To investigate regions showing significant functional
connectivity with the bilateral hippocampi related to suc-
cessful encoding, generalized psychophysiological interac-
tions (gPPI) [McLaren et al., 2012] were analyzed between
the activation in seed regions of the bilateral hippocampi
and in other regions. Before performing the gPPI analyses,
three encoding runs were collapsed into one run, and
trial-related activation during encoding was remodeled by
convolving onset vectors of the same timing with the origi-
nal GLM. This new one-run GLM produced in each partic-
ipant included six experimental conditions (Self-Hit, Self-
Miss, Friend-Hit, Friend-Miss, Other-Hit, and Other-Miss)
and one no-response condition with six variables of con-
founding factors (head motion and magnetic field drift). In
this model, each of the left and right hippocampal seeds
was defined as a volume-of-interest (VOI) sphere with a
6 mm radius around the peak voxels, which corresponded
to coordinates of the bilateral hippocampi reflecting suc-
cessful encoding in the ANOVA analysis (left: x 5 225,
y 5 26, z 5 220; right: x 5 21, y 5 29, z 5 216). Each VOI
of the left and right hippocampi in individual participants
was explored in the ipsilateral MTL (hippocampus and
parahippocampal gyrus) ROI obtained from the AAL ROI
package.

In the present study, we used the gPPI toolbox (www.
nitrc.org/projects/gppi) to analyze patterns of functional
connectivity. This toolbox produces a design matrix with
three columns of condition-related onsets with canonical
HRF, BOLD signals deconvolved from the seed region and
PPI regressors at the individual level. Thus, the GLM of this
analysis included PPI and condition regressors of the six
experimental conditions (Self-Hit, Self-Miss, Friend-Hit,
Friend-Miss, Other-Hit, and Other-Miss) and one no-
response condition, and BOLD signals in a seed VOI of the
left or right hippocampus. In addition, six motion-related
regressors were also included in this GLM. The gPPI tool-
box estimated the model parameters and computed the lin-
ear contrasts in the GLMs, which were created by each seed
of the left and right hippocampus. Regions showing a sig-
nificant effect in contrasts of the PPI regressor were consid-
ered to be functionally connected with the hippocampal
seeds on the statistical threshold. In the gPPI analysis for
the right hippocampal seed, data from one participant were
excluded because the right hippocampal VOI used as the
seed region in this participant was not appropriately
defined using the criteria for the VOI definition mentioned
above. Thus, the PPI regressor contrasts reflecting func-
tional connectivity with the right hippocampal seed were
acquired from a total of 18 participants, and the PPI con-
trasts related to the left hippocampal seed were identified in
all 19 participants. These PPI regressor contrasts were
applied to the group-level (random-effect) analyses.

In the individual-level (fixed-effect) analysis of the gPPI,
brain regions showing functional connectivity with each of

the left and right hippocampal seeds during successful
encoding were explored in two PPI regressor contrasts of
Self-Hit and Other-Hit. The rationale of comparing PPI
regressors only between Self-Hit and Other-Hit was that a
significant difference of hit rates for faces was found
between the Self and Other conditions, but not between
the Self and Friend conditions in behavioral results (see
below). In the group-level (random-effect) analysis, regions
reflecting significant functional connectivity with the left
or right hippocampal seed in each condition of Self-Hit
and Other-Hit were analyzed by one-sample t tests for PPI
regressor contrasts identified in the individual-level analy-
sis. In addition, to identify regions showing significant
functional connectivity with the hippocampal seeds in the
Self-Hit but not in the Other-Hit conditions, regions identi-
fied in a one-sample t test for PPI regressor contrasts of
the Self-Hit condition were exclusively masked by regions
identified in the one-sample t test for PPI regressor con-
trasts of the Other-Hit condition (P< 0.05). This analysis
was carried out in each seed of the left and right hippo-
campi. In the gPPI analysis, the height threshold at the
voxel level was corrected for whole-brain multiple com-
parisons (FWE, P< 0.05). In regions fulfilling the voxel-
level threshold, regions with a cluster size of two or more
successive voxels were considered as significant functional
connectivity in the present study. Anatomical sites show-
ing significant activation and functional connectivity were
primarily defined by the SPM Anatomy Toolbox [Eickhoff
et al., 2005, 2006, 2007].

RESULTS

Behavioral Data

Confirming our first prediction, faces encoded by the
self-referential process in a social context were recognized
more accurately than those encoded by the other-
referential process in a social context. Table I summarizes
the hit rates, false alarm rates, and response times (RTs) in
each encoding condition. As shown in Figure 2, a one-way
repeated-measure ANOVA for hit rates showed a signifi-
cant effect of encoding condition [F(2,36) 5 3.56, P< 0.05,
g2 5 0.17], in which the hit rates of faces encoded in the
Self condition were significantly higher than those in the
Other condition [multiple comparisons by the Ryan’s
method: t(36) 5 2.67, P< 0.05, r 5 0.41]. However, there
was no significant difference of hit rates between the Self
and Friend conditions [multiple comparisons by the
Ryan’s method: t(36) 5 1.28, n.s., r 5 0.21], and between the
Friend and Other conditions [multiple comparisons by the
Ryan’s method: t(36) 5 1.38, n.s., r 5 0.23]. In addition,
mean d-primes were 1.16 (SD 5 0.42), which was com-
puted by hit rates (%) for all target faces (mean 5 58.7,
SD 5 14.2) and false alarm rates (%) for distracter faces
(mean 5 19.8, SD 5 9.4). Thus, the retrieval performance
would not be affected by response biases toward false
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positive recognition. RT data (ms) during encoding were
analyzed by a two-way repeated-measure ANOVA with
the factors of encoding condition (Self, Friend, Other) and
subsequent memory (Hit, Miss). This analysis demon-
strated a significant main effect of encoding condition
[F(2,36) 5 6.65, P< 0.01, gp

2 5 0.27], in which a post hoc
test (multiple comparisons by the Ryan’s method) showed
significantly shorter RTs in the Self condition than in the
Other condition [t(36) 5 3.63, P< 0.05, r 5 0.52]. However,
the post hoc tests did not show a significant difference of
RTs between the Self and Friend conditions [t(36) 5 2.09,
n.s., r 5 0.33], and between the Friend and Other condi-
tions [t(36) 5 1.54, n.s., r 5 0.25]. A main effect of subse-
quent memory [F(1,18) 5 0.59, P 5 0.45, gp

2 5 0.03] and the
interaction between the factors of encoding condition and
subsequent memory [F(2,36) 5 0.24, P 5 0.79, gp

2 5 0.01]
were not significant. RT data (ms) during retrieval were

also analyzed by a two-way repeated-measure ANOVA
with the factors of encoding condition (Self, Friend, and
Other) and memory (Hit and Miss). In this analysis, we
found a significant main effect of memory [F(1,18) 5 14.82,
P< 0.01, gp

2 5 0.45], in which the RTs in the Hit condition
were significantly shorter than those in the Miss condition.
However, a main effect of encoding condition
[F(2,36) 5 1.81, P 5 0.18, gp

2 5 0.09] and the interaction
between the two factors [F(2,36) 5 1.19, P 5 0.32, gp

2 5 0.06]
were not significant.

fMRI Data

Confirming our second prediction, activation in the
mPFC was associated with the self-referential process dur-
ing encoding, and activation in the hippocampus reflected
the successful encoding process. As shown in Figure 3, a
two-way repeated-measure ANOVA with the factors of
encoding condition (Self, Friend, and Other) and subse-
quent memory (Hit and Miss) demonstrated that the left
mPFC showed a significant main effect of encoding condi-
tion and that the activation was significantly greater in the
Self condition than in the Friend and Other conditions.
The same pattern of activation was identified in the right
inferior temporal gyrus. In this ANOVA, we found regions
reflecting a significant main effect of subsequent memory,
in which activation in the bilateral hippocampi and right
inferior temporal gyrus was significantly greater in the Hit
condition than in the Miss condition. However, there was
no significant interaction between encoding condition and
subsequent memory in the activation of any regions.
Detailed findings from this ANOVA are summarized in
Table II.

Confirming our third prediction, activation in the right
hippocampal seed region was functionally connected with
activation in the mPFC and precuneus within the CMS
regions, and the functional connectivity was identified in
the successful encoding of self-related faces but not of
other-related faces. The gPPI analysis to investigate func-
tional connectivity with the right hippocampus used as a

TABLE I. Behavioral results

Condition Self (SD) Friend (SD) Other (SD) Distracter (SD)

Proportion (%) of recognition responses
Hit 61.0 (15.9) 58.8 (13.5) 56.4 (15.0) –
False alarm – – – 19.8 (9.4)

RT (ms) during encoding
Subsequent hit 2,173.1 (469.0) 2,242.9 (577.6) 2,292.4 (584.8) –
Subsequent miss 2,127.1 (571.0) 2,217.0 (634.2) 2,285.1 (592.8) –

RT (ms) during retrieval
Hit 1,653.5 (374.0) 1,664.6 (334.2) 1,727.4 (368.7) –
Miss 1,821.5 (359.1) 1,817.5 (357.8) 1,825.8 (409.2) –
Correct rejection – – – 1,737.0 (360.5)
False alarm – – – 1,866.6 (445.1)

RT, response time; SD, standard deviation.

Figure 2.

Retrieval accuracy for faces encoded in the three encoding con-

ditions of Self, Friend, and Other. Hit rates [hits/(hits 1 misses)]

were calculated for each participant. Error bars represent stan-

dard error (SE). *P< 0.05.
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Figure 3.

Regions showing significant main effects of encoding condition

and subsequent memory. (A) The left mPFC (x 5 26, y 5 55,

z 5 22) showed greater activation in the Self condition than in

the Friend and Other conditions during encoding. (B) The left

hippocampus (x 5 225, y 5 26, z 5 220) and (C) the right

hippocampus (x 5 21, y 5 29, z 5 216) showed greater activa-

tion in the trials with subsequent hits than in the trials with sub-

sequent misses. Parameter estimates on graphs were extracted

from peak voxels within activation clusters in each region. Error

bars represent standard error (SE).

TABLE II. Regions showing significant activation

Coordinates

Regions L/R BA x y z Z value

Main effect of encoding condition (masked by Self>Friend and Self>Other)
ROI analysis

Medial prefrontal cortex L 10 26 55 22 4.60
Whole-brain analysis

Medial prefrontal cortex L 10 26 55 22 4.60
Inferior temporal gyrus R 37 51 259 28 4.82

Main effect of subsequent memory (masked by Hit>Miss)
ROI analysis

Hippocampus L 225 26 220 3.74
Hippocampus R 21 29 216 3.64

Whole-brain analysis
Inferior temporal gyrus R 37 51 259 28 4.78

Interaction between encoding condition and subsequent memory
No significant activation

L, left; R, right; BA, Brodmann area; SVC, small volume correction; ROI, region of interest.
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seed region demonstrated that significant functional con-
nectivity during the successful encoding of self-related
faces was found in the right mPFC, bilateral precuneus,
left cuneus, and left calcarine sulcus within the CMS
regions, and the left superior parietal lobule and left mid-
dle occipital gyrus in a PPI regressor contrast of Self-Hit
masked exclusively with a PPI regressor contrast of Other-
Hit. The right mPFC and precuneus reflecting significant
functional connectivity with the right hippocampal seed
are shown in Figure 4. The gPPI analysis for the left hip-
pocampus used as a seed region showed no significant
functional connectivity in any regions during the success-
ful encoding of self-related faces. The left–right difference
of functional connectivity in the hippocampus might
reflect that faces as a pictorial stimulus were employed to
identify the SRE-related activations in the present study

[Persson and Soderlund, 2015]. Detailed results from the
gPPI analysis are summarized in Table III.

DISCUSSION

Three major findings emerged from the present study.
First, target faces encoded with the participants’ own face
were remembered more accurately than those encoded
with unfamiliar faces. Second, the mPFC showed greater
activation during the encoding of target faces paired with
the participants’ own face than the encoding of target faces
paired with each face of familiar and unfamiliar others.
Third, functional connectivity between the hippocampal
seed region and the CMS regions, including the mPFC
and precuneus, was significant in the successful encoding

Figure 4.

Regions showing significant functional connectivity with activation in the right hippocampal seed

during successful encoding in the Self condition. The cortical midline structures (CMSs) including

the mPFC and precuneus showed significant functional connectivity with the right hippocampus.

TABLE III. Regions showing significant functional connectivity with hippocampal seeds during the successful encod-

ing of self-related faces

Coordinates

Regions L/R BA x y z Z value

Functional connectivity with the left hippocampus
No region showing significant functional connectivity

Functional connectivity with the right hippocampus
Medial prefrontal cortex R 10 2 51 24 5.20
Superior parietal lobule L 2 236 247 60 4.92
Precuneus L 7 22 274 37 5.34
Precuneus R 7 17 251 37 4.92
Middle occipital gyrus L 19 240 274 37 4.88
Cuneus L 18 26 289 22 4.89
Calcarine sulcus L 17 22 282 7 4.91

L, left; R, right; BA, Brodmann area.
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of faces paired with the participants’ own face. These find-
ings suggest that memories encoded by the self-referential
process in a social context could be enhanced in subse-
quent retrieval, and the memory enhancement could be
associated with functional connectivity between the CMS
regions related to the self-referential process and the hip-
pocampus related to the successful encoding. These find-
ings are discussed in separate sections below.

SRE on Face Memories in Social Context

The first main finding of this study was that memories
for target faces encoded with the participants’ own face
were significantly better than those faces presented with
strangers’ face (Fig. 2). This finding suggests that memo-
ries encoded by the self-referential process could be
enhanced compared to memories encoded by the other-
referential process, and the memory enhancement by the
self-referential process, or the SRE, could be active even in
a social context such as personal relationships.

The present finding, which is the first to demonstrate
the SRE on memories in a social context, was consistent
with previous findings in which items related to the self
were remembered more accurately than items related to
others or items processed semantically [Rogers et al., 1977;
Symons and Johnson, 1997]. For example, one of the tradi-
tional psychological studies investigating the SRE reported
that memories for adjectives encoded by judging whether
the adjectives appropriately described personalities of
selves were significantly better than those encoded by the
perceptual or semantic judgments of the adjectives [Rogers
et al., 1977]. There is evidence from a meta-analysis show-
ing that the SRE have been frequently observed by the tra-
ditional paradigm in which words describing personality
traits are used for memory items [Symons and Johnson,
1997]. In the present study, we identified a significant SRE
on face memories by an encoding operation in which par-
ticipants were asked to imagine a possible friendship
between themselves and unfamiliar faces. Thus, this find-
ing extends previous findings by showing that memory
enhancement by an encoding operation with a self-
referential process was significant in a social context such
as judging the possibility of a personal relationship, and in
non-social laboratory-based experiments such as adjective
judgments.

Regions Associated With the Self-Referential

Process

The second main finding of this study was that the
mPFC showed greater activation during the encoding of
target faces paired with a participants’ own face (Self)
than during the encoding of target faces paired with a
friend’s (Friend) or stranger’s face (Other). The finding
suggests that the mPFC region could contribute to face

encoding by the self-referential process in a social context
such as a person-to-person relationship.

The present finding of mPFC activation associated with
the self-referential process during encoding is consistent
with previous findings [Gusnard et al., 2001; Gutchess
et al., 2007a; Leshikar and Duarte, 2012]. For example, one
fMRI study reported that the mPFC and mid-cingulate cor-
tex showed significant activation during encoding by the
self-referential process, which was induced by judging
whether adjectives appropriately described personality
traits of themselves, and activation of these regions was
identified in both young and older adults [Gutchess et al.,
2007a]. In another fMRI study, memories for objects were
significantly enhanced by the self-referential encoding of
object–scene pairs, and significant activation during the
self-referential encoding was identified in the mPFC
[Leshikar and Duarte, 2012]. A previous review study pro-
posed the theory that the mPFC could represent the “event
simulators” (elators) which give rise to social event knowl-
edge [Krueger et al., 2009]. Thus, the present findings
extend previous findings by showing that mPFC activation
was found even during the self-referential encoding mod-
ulated by the processing of a social context such as social
relationships with others.

In the present study, activation related to the self-
referential process during encoding was identified in the
right inferior temporal gyrus. In addition, activation in
this region was also found in a contrast of subsequently
remembered trials versus subsequently forgotten trials.
The right inferior temporal activation could be associated
with previous findings, in which this activation has been
consistently observed in the successful encoding of faces
[Prince et al., 2009; Tsukiura and Cabeza, 2011]. For exam-
ple, one fMRI study reported that the right inferior tempo-
ral gyrus showed linearly increasing activation associated
with the subjective rating scores of facial attractiveness
during the encoding of faces [Tsukiura and Cabeza, 2011].
Another fMRI study demonstrated that activation in the
right fusiform gyrus reflected a significant interaction
between photo type and subsequent memory during the
encoding of faces and scenes, and the activation was sig-
nificantly associated with the successful encoding and
retrieval of faces but not of scenes [Prince et al., 2009].
Taken together with the present findings, activation in the
right inferior temporal gyrus—including the fusiform
gyrus—could reflect the successful encoding of face-
related source memories by the enhanced vividness of
faces, which is induced by face-based socioemotional sig-
nals from the self-referential process in a social context.

Functional Connectivity Between the

Hippocampus and Cortical Midline Structures

The third main finding of this study was that activation
in the right hippocampus used as a seed region was func-
tionally connected with activation in the CMS regions,
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including the mPFC and precuneus, during successful
encoding with a self-referential process. The finding sug-
gests that the interacting mechanisms between the
memory-related hippocampus and the CMS regions
related to the self-referential process could contribute to
the SRE modulated by social context.

The present finding, which is the first to show signifi-
cant functional connectivity between the CMS regions and
hippocampus during encoding with a self-referential pro-
cess in a social context, was consistent with previous stud-
ies which demonstrated that functional connectivity
between the mPFC and posterior cingulate gyrus (PCC)
and between the hippocampus and PCC was important in
the laboratory-based SRE [Morel et al., 2014]. In this fMRI
study, the SRE on memories was observed when partici-
pants judged whether adjective words appropriately
described the personality traits of themselves compared to
when participants judged whether the words were emo-
tionally positive. Thus, the present finding suggests that
the interaction between the CMS regions, including the
mPFC and precuneus, which are related to the self-
referential process, and the hippocampus related to the
memory process could contribute to the SRE in a social
context such as judging social relationships with other
people as well as to the SRE in a nonsocial context such as
judging adjectives.

The importance of functional connectivity between the
CMS regions and hippocampus in the social context-
dependent SRE is well supported by previous findings
from anatomical studies in experimental animals and
resting-state fMRI studies in human participants. For
example, anatomical connectivity between the hippocam-
pus and mPFC was identified in rhesus monkeys [Barbas
and Blatt, 1995]. In addition, a review article of the
resting-state fMRI studies implied that the default mode
network (DMN) including the precuneus/PCC, mPFC,
inferior parietal lobe, medial temporal lobe, and lateral
temporal cortex could be divided into two subsystems,
which include the self-referential process and the retrieval
of episodic memory [Buckner et al., 2008]. In other words,
a subsystem of the anterior domain of the DMN including
the mPFC could be involved in the processing of self-
related information, whereas another subsystem of the
posterior domain of the DMN including the medial tempo-
ral lobe could be involved in the reconstruction and
retrieval of episodic memory. These two subsystems could
be integrated in the PCC region. Thus, the present finding
of functional connectivity between the CMS regions and
hippocampus during encoding with a self-referential pro-
cess in a social context could reflect the interaction
between an anterior portion of the DMN related to the
self-referential process and a posterior portion of the DMN
related to the episodic encoding and retrieval.

The present findings, in which the social context-
dependent SRE was involved in functional connectivity
between the CMS regions and hippocampus, could be

explained by the framework of a schema effect on memory
processes. Information that is congruent with existing
knowledge (schema) is better remembered than less con-
gruent information [van Kesteren et al., 2012]. One neuro-
psychological study reported that amnesic patients with
relatively intact semantic systems showed a beneficial
effect of schema on memory functions, whereas the
schema effect on memory was not found in patients with
compromised semantic systems [Kan et al., 2009]. In addi-
tion, there is neuroscientific evidence that the efficiency of
learning by a schema is supported by the MTL–mPFC
interactions [Tse et al., 2011; van Kesteren et al., 2012].
Given that in the Self condition of this study, participants
were required to rate the appropriateness of potential
friendship between themselves and unfamiliar others, the
memory advantage by the SRE in a social context could be
induced by accessing schemas of pre-existing knowledge
about the social relationship in autobiographical memories.
The schema effect on memories encoded by the self-
referential process in a social context could be associated
with functional connectivity between the CMS regions and
hippocampus.

Limitations

Although the present findings showed the contribution
of CMS–hippocampus interaction to the SRE in a social
context, there are a few potential limitations in this study.
The first potential limitation is whether the social context-
dependent SRE is induced even in the absence of an
explicit task demand to engage in the self-referential pro-
cess. Previous studies have reported that self-sensitive
brain regions including the CMS regions are recruited in
implicit responses to the self-related stimuli [Moran et al.,
2009; Rameson et al., 2010]. In the Self condition of this
study, participants were presented with face pairs, which
included their own face as a cue on the left side and target
faces on the right side, and were required to rate how
appropriate a future friendship would be between the face
pairs. Given that explicit psychological processes such as
the self–other discrimination or imagination of social rela-
tionship between the self and other faces were occurred in
this condition, our experimental design might not be
enough to decide that the CMS–hippocampus interaction
reflected only the social context-dependent SRE. Further
analyses would be required to clarify whether the SRE in
a social context is also observed in the implicit task and
the explicit task.

The second potential limitation is that the perceived
characteristics of facial stimuli such as facial attractiveness
was not measured and not statistically controlled across
four lists of faces. One fMRI study reported that attractive
faces were remembered more accurately than neutral or
unattractive faces, and that the beneficial effect of facial
attractiveness was involved in an interaction between acti-
vation in the attractiveness-related orbitofrontal cortex and
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memory-related hippocampus [Tsukiura and Cabeza,
2011]. Thus, it is ideal to equalize the perceived character-
istics of faces in investigating the neural mechanisms
related to face memories. However, facial stimuli
employed in the present study were divided into four lists,
among which age and sex of stimuli as perceived charac-
teristics were equalized, and the lists of facial stimuli were
counterbalanced across the participants. The experimental
manipulations in constructing the lists could be helpful to
minimize the possible artifacts conveyed from the per-
ceived characteristics of faces.

The third potential limitation is that the mPFC region
identified in the activation analysis was located in a rela-
tively dorsal part of this region, whereas the mPFC region
in the functional connectivity analysis was found in a rela-
tively ventral part of this region. A previous study of the
meta-analysis demonstrated that a dorsal part of the
mPFC was functionally connected with the inferior frontal
gyrus, temporoparietal junction, and middle temporal
gyrus, whereas a ventral part of the mPFC was function-
ally connected with the nucleus accumbens, hippocampus,
posterior cingulate cortex, and retrosplenial cortex [Bzdok
et al., 2013]. Taken together with the present findings, acti-
vation in a relatively dorsal part of the mPFC might con-
tribute to the top–down processing such as the self-
referential process or mentalizing process, and functional
connectivity between a relatively ventral part of the mPFC
and hippocampus might be involved in the encoding of
self-related memories. The coordination between these
functions related to each part of the mPFC might contrib-
ute to the SRE in a social context. Further investigations
would be required to find how the social context-
dependent SRE is modulated by the interacting mecha-
nism between these separate regions.

CONCLUSIONS

In the present study, we investigated the neural mecha-
nisms underlying the SRE on memory of faces in a social
context modulated by the social relationship with others.
Three major findings emerged from this study. First, target
faces encoded by imagining a social relationship with one-
self were remembered more accurately than those target
faces encoded by imagining a social relationship with a
stranger. Second, the mPFC showed greater encoding-
related activation when the potential friendship was imag-
ined between the participants’ own face and the target
faces than when the potential friendship was imagined
between their friend’s face and the target faces or between
the stranger’s face and the target faces. Third, functional
connectivity between the hippocampal seed region and the
CMS regions—including the mPFC and precuneus—was
significant in the successful encoding of the target faces
paired with the participants’ own face but not in the suc-
cessful encoding of the target faces paired with the strang-
er’s face. These findings suggest that the SRE could be

effective even in a social context modulated by social rela-
tionship, and the SRE in a social context could be involved
in functional connectivity between the CMS regions related
to the self-referential process and the hippocampus related
to the successful encoding process.
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