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Abstract

Evidence from functional neuroimaging studies of emotional perception shows that when attention is focused on external
features of emotional stimuli (external perceptual orienting—EPO), the amygdala is primarily engaged, but when attention
is turned inwards towards one’s own emotional state (interoceptive self-orienting—ISO), regions of the salience network,
such as the anterior insula (AI) and the dorsal anterior cingulate cortex (dACC), also play a major role. Yet, it is unknown if
ISO boosts the contributions of AI and dACC not only to emotional ‘perception’ but also to emotional ‘memory’. To investi-
gate this issue, participants were scanned with functional magnetic resonance imaging (fMRI) while viewing emotional and
neutral pictures under ISO or EPO, and memory was tested several days later. The study yielded three main findings: (i)
emotion boosted perception-related activity in the amygdala during both ISO and EPO and in the right AI exclusively during
ISO; (ii) emotion augmented activity predicting subsequent memory in AI and dACC during ISO but not during EPO and (iii)
high confidence memory was associated with increased amygdala–dACC connectivity, selectively for ISO encoding. These
findings show, for the first time, that ISO promotes emotional memory formation via regions associated with interoceptive
awareness of emotional experience, such as AI and dACC.
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Introduction

Perception depends not only on physical characteristics of stim-
uli but also on how we process them, and emotional perception
is no exception (Damasio, 1999; Phan et al., 2002; Phillips et al.,
2003; Taylor et al., 2003; Damasio and Carvalho, 2013). An
embodied view of emotion based on appraisal theories (James,
1894; Schachter and Singer, 1962) and human neuroscience
research (Craig, 2002, 2007, 2009a; Critchley et al., 2004) has led
to the distinction between two processing orientations during
emotional perception: external perceptual orienting (EPO) and
interoceptive self-orienting (ISO). During EPO, attention directed
externally toward the arousing event causes changes in behav-
ioral, autonomic and endocrine responses (LeDoux, 2012), inde-
pendent of the awareness of these changes. During ISO, in
contrast, attention is directed internally toward one’s own af-
fective response to the arousing item or event (Lane et al., 1997;

Pollatos et al., 2007; Zaki et al., 2012; see also Tsuchiya and
Adolphs, 2007). An accumulating body of evidence indicates
that during emotional perception, EPO and ISO orientations are
mediated by distinct neural systems, whereas EPO is primarily
mediated by sensory and subcortical areas, such as the amyg-
dala (Vuilleumier et al., 2001; Pessoa et al., 2002), ISO is primarily
mediated by the anterior insula (AI), particularly the right AI,
and the anterior cingulate cortex (ACC), particularly the dorsal
ACC (dACC) (Medford and Critchley, 2010).

A recent model (Seth, 2013; see also Singer, 2009; Gu, 2013)
proposes that during emotional awareness perception, the AI
and dACC generate, compare and update predictions of visceral
and autonomic signals. Along these lines, the AI and dACC have
been described as core components of the ‘salience network’
(Seeley et al., 2007; Menon and Uddin, 2010), which is assumed
to monitor the saliency of stimuli and mediate interactions
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between emotional/motivational and cognitive processes
(Pessoa, 2009, 2010). With respect to the processing of affective
information, it has been proposed that the AI and dACC operate
on signals generated during EPO by sensory-limbic regions,
including the amygdala (Lane, 2008; Craig, 2009a; Damasio,
2012; Damasio and Carvalho, 2013). In this way, during ISO, the
initial ‘pre-reflective’ or automatic representation of emotional
states is elaborated upon, enabling the appraisal of one’s own
affective response to a given stimulus. Thus, although the
amygdala and other limbic regions appear generally responsive
to emotional content in the environment (inside or outside of
awareness; Vuilleumier et al., 2001; Dolan, 2002; Winston et al.,
2003; Pessoa, 2005; Anderson, 2007), through coordination with
limbic regions, AI and dACC may integrate these responses ena-
bling a more internally oriented awareness of emotional
experience.

Given that past theoretical and empirical work regarding
amygdala vs AI/dACC under EPO vs ISO has focused mainly on
emotional perception, it is unclear how changes in emotional
processing orientation relate to memory. Emotion exerts a
strong influence on memory, and the nature of emotional pro-
cessing is therefore likely to determine how emotional informa-
tion is encoded. This relationship is particularly important,
since changes in emotional experience and the corresponding
subsequent memories may influence emotional well-being (e.g.,
remembering happy events) (Walker et al., 2003; Kryla-Lighthall
and Mather, 2009) or contribute to psychiatric disorders (depres-
sion, post-traumatic stress disorder, etc.) (Bradley and
Mathews, 1988; Mathews et al., 1989; Linehan, 1993; Bradley
et al., 1995; MacLeod and McLaughlin, 1995; Becker et al., 1999;
Ridout et al., 2003; Hall et al., 2007; Castaneda et al., 2008;
Herbener, 2008; Dere et al., 2010; Winter, 2014; Ai et al., 2015).
Thus, understanding how attentional orientation modulates
the impact of emotion on memory has both important theoret-
ical and clinical implications.

In general, emotional arousal tends to enhance memory for-
mation, an effect that has been linked to the amygdala and its
interactions with medial temporal lobe (MTL) memory regions
(LaBar and Cabeza, 2006; Dolcos et al., 2004, 2005). In fMRI stud-
ies of emotional memory encoding (Murty et al., 2010), emotion
typically enhances activity that predicts later memory (subse-
quent memory effects—SMEs; Paller and Wagner, 2002) in the
amygdala and MTL. In contrast, emotion effects on SMEs in AI
or dACC have been rarely reported (Qin et al., 2012; Waringa and
Kensingera, 2012). One possible explanation for the scarcity of
AI and dACC effects in fMRI studies of emotional memory is
that most of these studies investigated conditions that empha-
sized EPO rather than ISO, such as attending to or judging phys-
ical or semantic features of the stimuli or performing tasks
unrelated to the emotional experience (Kensinger and Corkin,
2004; Kensinger and Schacter, 2006, 2008; Harvey et al., 2007;
Kensinger et al., 2007; Mickley and Kensinger, 2008; Ritchey et al.,
2011). Thus, it is largely unknown if AI and dACC would show
emotion-related SMEs when the orienting condition empha-
sizes ISO rather than EPO.

In the current event-related fMRI study, we scanned partici-
pants while viewing emotional and neutral pictures under EPO
(rate the brightness of each picture) or ISO (rate their own affect-
ive or bodily reactions to each picture), and tested memory for
the pictures several days later. We investigated three main
questions. First, we examined ‘perception-related activity’ inde-
pendently of memory, expecting to replicate and extend past lit-
erature which suggests that the amygdala should show similar
emotion effects during ISO and EPO with condition-related

differences more likely in AI and dACC. We next turned to
‘memory-related activity’ to assess how the amygdala and AI/
dACC supported emotional memory formation, as evidenced by
emotion-related SMEs across the different emotional orienting
conditions. As with perception-related effects, we expected the
most pronounced differences between ISO and EPO to appear in
AI/dACC or other regions associated with interoceptive process-
ing. Finally, given the importance of the amygdala in both
online emotional processing and emotional memory formation,
and the interactions between this region and the salience net-
work (Seeley et al., 2007; Menon and Uddin, 2010), we examined
how functional connectivity between the amygdala and other
regions varied as a function of emotional memory and orienting
condition.

Methods
Participants

Twenty young adults participated in the study. Participants
were healthy, right handed, native English speakers, with no
disclosed history of neurological or psychiatric episodes.
Participants gave written informed consent for a protocol
approved by the Duke University Institutional Review Board.
Three participants were excluded from the analysis: one due to
failing to follow instructions during the EPO condition, one due
to disproportionately high false alarm rates (>60%, more than
2 s.d. above group mean) and the third for insufficient number
of miss trials on recognition performance across conditions. All
behavioral and neuroimaging analyses were conducted on the
remaining 17 participants (9 women, mean age¼ 22.7, s.d.¼ 2.5).

Stimuli

Stimuli consisted of 600 pictures selected from the International
Affective Picture System (IAPS) (Lang et al., 2008) as well as from
an in-house set that was used in a previous study by our labora-
tory (Ritchey et al., 2011). Pictures were assigned to emotional
condition on the basis of a 9-point normative valence scale:
negative (1–4), neutral (4–6) and positive (6–9) conditions. In
accordance with the picture selection procedure, standardized
valence scores were lower for negative (M¼ 2.85, s.d.¼ 0.62)
than neutral pictures (M¼ 5.12, s.d.¼ 0.42; (p< .001), and higher
for positive (M¼ 7.02, s.d.¼ 0.57) than neutral pictures
(P< 0.001). Additionally, arousal scores (1¼ calm, 9¼ excited)
were greater for negative (M¼ 5.76, s.d.¼ 0.47) than neutral pic-
tures (M¼ 3.46, s.d.¼ 0.45; P< 0.001), greater for positive
(M¼ 5.72, s.d.¼ 0.58) than neutral pictures (P< 0.001), and did
not significantly differ between negative and positive pictures
(P¼ 0.54). Note that for copyright reasons, the images shown in
Figure 1 are not from the IAPS set but illustrate the type of pic-
tures that participants viewed at encoding.

Procedure

Scanned paradigm. During encoding session (scanned), partici-
pants viewed 150 negative, 150 positive and 150 neutral pictures
(Figure 1A). Each picture was presented for 3 s along with a
4-point scale and was followed by a jittered inter-trial interval
(3 s average) (drawn from an exponential distribution). The
encoding session consisted of six functional runs of incidental
encoding, with each run containing an equal number of nega-
tive, positive and neutral pictures. Runs alternated between
three distinct conditions (with two runs per task condition): ISO,
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EPO and semantic orienting. The results of the semantic pro-
cessing condition are not reported in this study. The pictures
within each run (75 total pictures per run, 25 of each emotion
type) were pseudo-randomized so that no more than 3 pictures
of the same valence appeared consecutively. The sequence of
encoding orienting conditions was counterbalanced across par-
ticipants, as was the assignment of stimuli to each condition
and the division of pictures between old (encoding) and new
(novel recognition test distractors).

Before the scan session, participants completed a short prac-
tice session in which they were familiarized with the instruc-
tions specific to each orienting condition. Condition-specific
instructions were again presented at the beginning of each run.
In the EPO condition, participants were instructed to rate the
visual brightness of each picture. In the ISO condition, they
were instructed to rate how much they were personally moved
by each picture. This was further explained as follows: ‘How
much are you personally moved by each picture, means to what
extent (from 1 to 4) each picture makes you feel or experience
an emotional reaction. This could include changes in your bod-
ily state (e.g. breathing, heart rate) or the experience of a par-
ticular positive or negative emotion. Thus, you need to decide if
each picture moves you or not, based on the presence of these
feelings or bodily changes’.

Two to 3 days (mean hours¼ 55.06, s.d.¼ 11.28) after the
encoding phase, participants completed a surprise recognition
memory test administered in a separate computer laboratory
(Figure 1B). The test included all the 450 scene pictures previ-
ously viewed in the scanner (‘old’) randomly mixed with 150
novel images (‘new’) (50 from each emotional type). Each picture
was presented for 4 s and followed by a fixation screen for
500 ms. Participants indicated whether each picture was old or
new using a 4-point confidence scale (1¼definitely new;
2¼probably new; 3¼probably old; 4¼definitely old).

fMRI methods

Data acquisition and preprocessing. All MRI data acquisition was
collected using a 3-T GE scanner. Scanner noise was reduced

with earplugs, and head motion was minimized using foam
pads and a headband. Stimuli were projected onto a mirror at
the back of the scanner bore, and behavioral responses were re-
corded using a MR-compatible four button box. High-resolution
T1-weighted structural anatomical images were collected with
a 24 cm field of view, 1.9 mm slice thickness, 68 slices, and
256� 256 matrix. For our functional imaging, 34 contiguous sli-
ces parallel to the anterior and posterior commissure plane
were acquired in an interleaved order using an inverse spiral se-
quence with a 2 s repetition time, 31 ms echo time, 24 cm field of
view, 64� 64 image matrix, 60� flip angle and 3.8 mm slice thick-
ness. Preprocessing and statistical fMRI analyses were per-
formed using SPM5 (Statistical Parametric Mapping; http://
www.fil.ion.ucl.ac.uk/spm/) software implemented in MATLAB.
The first five volumes of each functional dataset were discarded
from analysis for T1 equilibration effects. The functional images
were slice timing corrected and motion corrected, spatially nor-
malized to Montreal Neurological Institute (MNI) space, and
spatially smoothed using an 8 mm isotropic Gaussian kernel.

fMRI analyses

A standard two-level SPM analysis was employed (Friston et al.,
1995). For the first-level (fixed-effects) analysis, we modeled
evoked hemodynamic responses to event types with a delta
(stick) function corresponding to stimulus presentation onset
convolved with a canonical hemodynamic response function
within the context of the general linear model (GLM). Six main
event types were included, representing all possible combin-
ations of picture type (negative, neutral, positive) and orienting
condition (ISO, EPO), along with regressors for motion and run
mean. To incorporate memory, scores from the subsequent rec-
ognition phase were used to construct a parametric regressor
with three levels: level 1¼ subsequent new responses
(i.e. misses, collapsing high/low confidence New responses);
level 2¼ subsequent low-confidence hits (LCHs) and level
3¼ subsequent high-confidence hits (HCHs). This parametric
regressor was applied to each trial type in a linear fashion, pro-
ducing a set of contrast images where effects were modulated

Fig. 1. Schematic of the experimental design.
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as a function of subsequent memory, in addition to a set of con-
trast images where the effect of memory had been removed.

For the second-level (random effect) analysis, we performed
two separate 2 (orienting condition: ISO vs EPO)� 3 (picture
type: negative, positive, neutral) repeated measures analysis of
variance (ANOVAs), focusing on the effects of arousal, that is,
emotional (both positive and negative) vs neutral pictures. To
explore perception-related effects not varying by memory, the
initial ANOVA was constructed using the unmodulated contrast
images described above, while SMEs were examined with a

corresponding ANOVA constructed with the parametrically
modulated contrast images.

For the two brain regions where we predicted differences
between ISO and EPO on the basis of extant literature (Craig,
2002; Critchley, 2005; Lane, 2008), namely AI and dACC, we used
a region-of-interest (ROI) analysis, which we followed with a
more exploratory whole-brain analysis. The bilateral AI ROI was
bounded caudally at y¼ 0, which corresponds to the agranular
insula demarcated in previous studies of subjective body or/and
emotional feelings (Craig, 2002; Critchley, 2005). The dACC ROI

Fig. 2. Behavioral encoding response data. Across images within each valence condition, significant correlations were found between (A) the picture-specific (group

level) mean subjective brightness rating (from the EPO condition) and the objective picture luminance and (B) the picture-specific (group level) mean rating from the

ISO condition and the picture’s normative arousal score (from IAPS and in-house, standardized database). (C) Average ISO ratings were entered into one-way ANOVAs

with emotion (negative, neutral, positive) as a factor; ISO ratings also displayed a main effect of emotion (P<0.0005), with emotional pictures (negative and positive)

rated as more personally arousing than neutral pictures. Error bars denote standard error.
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combined the bilateral anterior and middle cingulate ROIs
(Automated Anatomical Labeling atlas) within Brodmann areas
24 and 32, and was bounded between 0< y< 33 (MNI coordin-
ates) (Bush et al., 2000; Vogt et al., 2003; Steele and Lawrie, 2004),
borders used in previous studies of emotional awareness (Lane,
2008; McRaea et al., 2008).

Unless otherwise noted, results were thresholded as follows.
For the whole-brain analysis, we used a voxelwise threshold of
P< .005, with a minimum cluster extent of 19 contiguous voxels.
These voxelwise and cluster extent values were established via
Monte Carlo simulation (Slotnick et al., 2003) to provide a whole-
brain threshold that was corrected for multiple comparisons at
P< 0.05. For the ROI analyses, for each of the 2 a priori ROIs
defined above (dACC and AI), a false discovery rate (FDR) cor-
rected threshold of P< 0.05 was used (small volume correction
implemented in SPM), with a minimum cluster extent of 10 con-
tiguous voxels (Benjamini and Hochberg, 1995). In both whole-
brain and ROI analyses, to ensure that emotion�attentional
orienting interactions (e.g. greater emotional>neutral effect in
ISO than EPO) were not driven by the opposite effect in the ori-
enting condition (e.g. greater neutral> emotional effect in EPO
than ISO), contrasts were inclusively masked with a significant
effect (at P< 0.05) within the condition of interest (e.g. emo-
tional>neutral in ISO).

To examine SMEs pertaining to high confidence responses
specifically (rather than those showing a parametric increase
with confidence), an additional first-level model was run that
included separate regressors for HCHs, LCHs and misses (M).
With the exception of these separated memory regressors,
other model parameters (e.g. motion and run mean regressors)
were similar to the initial model. A second-level contrast based
on this second model targeted regions showing SMEs within
each condition based on highly confident memory responses
(i.e. HCH vs miss).

Amygdala connectivity analyses

To investigate amygdala connectivity, we used a functionally
derived seed from the right amygdala region showing signifi-
cant emotion effects on SMEs (HCHs vs misses) during both ISO
and EPO. In a psychophysiological interaction (PPI) analysis
(Friston et al., 1997), activation time courses from an 8-mm
sphere centered on this right amygdala peak (MNI: 19, 0, �23)
were multiplied by the psychological variable of interest (SME
contrast: HCHs > misses). For the PPI analysis, to simplify calcu-
lation of the time courses, we constructed a new GLM, in which
data were concatenated across runs. This model included
regressors for HCH and miss trial types for all combinations of
emotion and orienting conditions, as well as confound regres-
sors for motion and run mean. The PPI models included regres-
sors for the physiological variable (amygdala time course),

psychological variable (SME contrast), and the PPI interaction.
For each participant, contrasts corresponding to the PPI psycho-
logical variable were extracted for each encoding condition and
emotional condition separately. The PPI interaction variables
were then entered into a two-way ANOVA with emotion and
attentional orientation (EPO vs ISO) as factors.

Results
Behavioral results

Subjective EPO and ISO ratings during encoding. Confirming the
validity of participants’ subjective ratings, brightness ratings
during EPO were significantly correlated with picture luminance
(average of all pixels in each image) (Figure 2A), and interocep-
tive ratings in the ISO condition were significantly correlated
with arousal ratings from the IAPS norms (two-tailed signifi-
cance tests) (Figure 2B). These group-wise correlations were
obtained by plotting the (across-subject) mean EPO and ISO rat-
ings for each image against the corresponding image luminance
(mean pixel-wise value of relative luminance, calculated for
each picture in MATLAB) or normative arousal value. Also, ISO
ratings were higher for emotional (negative and positive) pic-
tures than neutral pictures (F(2, 32)¼ 91.50, P< .0005, partial
g2¼ 0.85; Figure 2C), and for negative than positive pictures
(t(16)¼ 2.80, P¼ 0.014, two-tailed). In sum, the results confirm
the validity of subjective EPO and ISO ratings as well as the sig-
nificant impact of the picture category manipulation on ISO
ratings.

Recognition Memory Data. Table 1 shows hits, false alarms and
corrected recognition scores (hits-false alarms). An
Emotion�Orienting condition ANOVA on corrected recognition
scores yielded a main effect of emotion (F(2, 32)¼ 13.39,
P< 0.001, partial g2¼ 0.46), and post hoc paired t-tests showed
that negative pictures were remembered better than neutral
(t(16)¼ 3.32, P< 0.004) and positive (t(16)¼ 5.15, P< 0.0005) pic-
tures, with no difference between positive and neutral pictures
(t(16)¼ 1.77, P¼ 0.100. There was also a main effect of orienting
condition because pictures encoded during ISO were better
remembered than pictures encoded in the EPO condition
(F(1, 16)¼ 62.78, P< 0.001, partial g2¼ 0.80). The interaction
between emotion and orienting condition was not significant
(F(2, 32)¼ 1.99, P¼ 0.15, partial g2¼ 0.11). Finally, the false alarm
rate to positive pictures was higher than of negative and neutral
pictures, (F(2, 32)¼ 6.92, P¼ 0.03, partial g2¼ 0.30). The absence
of an interaction between orienting condition and emotion indi-
cates that potential brain-related dissociations in emotional
encoding between ISO and EPO should reflect differences in the
manner through which material is encoded rather than varying
degrees of encoding efficiency. Nonetheless, given that little
behavioral work has been done directly comparing ISO and EPO
encoding, further studies are needed to explore the mnemonic
advantage of each condition with respect to emotional material.

fMRI results

Emotion effects on perception-related activity (picture vs baseline).
Table 2 lists regions showing significant main effects of emotion
and regions showing emotion� condition interactions. As ex-
pected, one of the regions showing a main effect of emotion
was the amygdala. This finding is consistent with evidence that
the amygdala is sensitive to emotion regardless of attentional
manipulations (Dolan, 2002; Winston et al., 2003; Critchley, 2009;

Table 1. Behavioral results: recognition memory

Emotion type Negative Neutral Positive

Hit rate
ISO 0.75 (0.11) 0.67 (0.17) 0.66 (0.013)
EPO 0.63 (0.15) 0.47 (0.16) 0.56 (0.15)

False alarm rate 0.22 (0.16) 0.18 (0.10) 0.28 (0.14)
Correct recognition (hit rate � false alarm rate)

ISO 0.54 (0.20) 0.47 (0.17) 0.39 (0.17)
EPO 0.41 (0.29) 0.29 (0.17) 0.28 (0.16)

Note: Data are reported as mean (s.d.). FA rates are common to both conditions.
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Vuilleumier and Huang, 2009). AI also showed a main effect of
emotion and also a marginally significant emotion�orienting
condition interaction in which emotion effects were larger dur-
ing the ISO than during EPO (SVCFDR P¼ 0.064, k¼ 12) (Figure 3).
Although this interaction was only trending toward signifi-
cance, it is consistent with other evidence that ISO augments
the contribution of AI to emotional processing (Lane et al., 1997;
Critchley et al., 2002, 2004; Phan et al., 2004; Pollatos et al., 2007;
Zaki et al., 2012; Satpute et al., 2013). Unexpectedly, the dACC
showed only the main effect of emotion but did not show a sig-
nificant interaction between emotion and orienting condition.
Finally, no brain region showed larger emotion effects for EPO
than ISO.

Emotion effects on SMEs (subsequently remember vs forgotten).
Regions showing main effects of emotion are listed in Table 3,
and regions showing interactions between emotion and orient-
ing condition, in Table 4. We performed SME analyses on main
effects; one analysis used a parametric regressor, which identi-
fied encoding activity that predicted gradual increases from
misses to LCHs to HCHs, whereas the other analysis focused on
HCHs. The linear SME analysis identified inferior frontal and
ventral parietal (BA39) regions, whereas the high confidence-
related SME analysis identified the amygdala. These findings

are consistent with the fMRI literature on emotional memory,
where such regions often show SMEs (Murty et al., 2010).

Turning to interactions between emotion and orienting condi-
tion (Table 4), every region identified in this interaction showed
larger emotion effects during ISO than EPO, with no region show-
ing the opposite pattern. In both the AI and the dACC ROIs (Figure
4), there was a significant influence of emotion on SMEs during
ISO but not EPO, with stronger effects for the AI than dACC (Table
4). For the whole-brain analysis, greater emotion effects on SMEs
during ISO than EPO were also found in right dorsal/dorsomedial
frontal, substantia nigra (SN), striatum and right parietotemporal
regions. In sum, confirming our prediction, we found for the first
time that both core components of the salience network (particu-
larly the AI) contributed to emotional memory formation when
attentional orientation was directed internally toward self-
awareness of the emotional state, but not when it is was directed
externally to properties of the stimuli.

Functional connectivity of the amygdala. Finally, we performed a
PPI analysis to investigate the effects of emotion on memory-
related amygdala connectivity during ISO and EPO. As a seed, we
used the right amygdala region previously identified as showing a
main effect of emotion on SMEs (Table 3). Within the amygdala
seed region, we extracted the representative time course for vox-
els that showed any effect across an omnibus F-test at P< 0.05.

Fig. 3. Emotion�Orienting condition interaction in emotional–perception activity. Activity in the right AI-inferior frontal gyrus (IFG) cluster shows a trend-level emo-

tional effect for the ISO vs EPO condition (SVCFDR<0.064, k¼ 12; see Table 2 for coordinates). Mean parameter estimates averaged across all the voxels in the AI-IFG re-

gion for each participant are plotted for each task condition.
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The fact that this region showed similar activation patterns dur-
ing ISO and EPO is important because it prevents a potential con-
found between differences in seed connectivity and seed activity.
Given that activity effects were found in high confidence-related
SMEs (Table 3), we used the same SME contrast (HCHs vs misses)
in the PPI analysis. As illustrated in Figure 5A, we found a signifi-
cant interaction between emotion and orienting condition in
dACC, where SME-related connectivity with the right amygdala
was stronger for emotional than neutral pictures for ISO but not
EPO. No other regions survived the whole-brain threshold.
Unexpectedly, we did not find amygdala connectivity differences
in AI. In sum, PPI results showed that during ISO but not during
EPO, amygdala interactions with dACC mediated emotion effects
on encoding activity predicting subsequent high confidence
memory.

Discussion

In fMRI studies of emotional ‘perception’, EPO typically empha-
sizes the role of the amygdala whereas ISO additionally involves
processes supported by salience network regions such as AI and
dACC. In this study, we investigated whether a similar dissoci-
ation between EPO and ISO could be found for emotional ‘mem-
ory’. The study yielded three main findings. First, consistent
with the emotional perception literature (Phelps and LeDoux,
2005; Vuilleumier and Huang, 2009; Tamietto and de Gelder,
2010; LeDoux, 2012), the amygdala showed significant emotion
effects on perception-related activity during both ISO and EPO
conditions, whereas AI showed a trend for these effects during
the ISO but not EPO (Figure 3). Second, for the first time, we
found a similar dissociation in the memory domain, whereas
the amygdala showed emotion effects on SMEs during both ISO
and EPO, and AI (and to a lesser extent dACC) showed these ef-
fects exclusively during ISO (Figure 4). Finally, in an analysis of
functional connectivity, we observed that the enhancing effect

of emotion on memory formation was selectively mediated by
increased coupling between the amygdala and dACC—a rela-
tionship specific to ISO (Figure 5A). These three findings are dis-
cussed in separate sections below.

Perception-related activity

The dissociation we found between the right amygdala, where
emotion effects were independent of attentional orientation,
and AI, where emotion effects were larger for ISO than EPO, is
broadly consistent with the literature describing the function of
these regions. Functional neuroimaging studies of emotional
perception have shown that the amygdala tracks arousal inde-
pendently of attentional orientation, voluntary attention and

Table 2. Perception-related activity: main effects of Emotion and Emotion�Attentional orienting interactions

Regions Hem BA MNI xyz coordinates t Z voxels

Main effect of emotion
Amygdala R – 26 0 �27 3.70 3.70 38
AI ROI L – �30 26 8 6.17 5.65 92

L 13 �41 19 0 5.83 5.38 –
R 47 34 26 4 5.26 4.92 39

dACC ROI L – �8 19 46 8.27 7.17 15
R 32 11 19 46 5.01 4.71 11

Inferior frontal gyrus R 47 30 34 �11 5.78 5.34 129
R 47 34 26 4 5.26 4.92 –
R – 45 8 30 8.77 7.50 450
R – 45 30 23 8.53 7.34 –
R – 34 0 49 6.29 5.74 –

Inferior occipital gyrus L – �23 �86 �4 22.49 >8 6564
R – 23 �86 �4 22.42 >8 –
R – 26 �86 23 18.19 >8 –

Emotion 3 Attentional orienting interactions
Greater emotion effects during ISO than EPO

AI ROI* R – 30 19 �19 3.27 3.18 12
Greater emotion effects during EPO than ISO
No regions

Note: Up to three local maxima set 8 mm apart are reported for each cluster. All regions with the exception of the two a priori ROIs result from contrasts using a whole-

brain extent threshold of P< 0.005 and a cluster extent of 19 voxels to correct for multiple comparisons (see Methods). ROI results (AI ROI and dACC ROI) were FDR cor-

rected at a threshold of P<0.05, while (*) denotes a trend level finding (Pfdrcorrected<0.1). Coordinates are in MNI space. Abbreviations: Amy, amygdala; BA, Brodmann

area; Hem, hemisphere; L, left; R, right.

Table 3. Memory-related activity: main effects of emotion

Regions Hem BA xyz coordinates t Z voxels

Linear SME regressor (HCHs > LCHs > misses)
Inferior
frontal gyrus

R 46 53 30 23 4.23 4.04 59

R 45 56 30 8 3.46 3.35 –
R 44 45 8 30 3.57 3.45 26
R – 53 19 27 2.67 2.62 –

Inferior
parietal lobule

L 39 �49 �64 8 3.48 3.36 25

L 39 �53 �75 15 3.09 3.01 –
High confidence-related SME regressor (HCH > misses)

Amygdala R 19 0 �23 4.86 4.71 33
R 8 0 �19 3.42 3.37 –
R 8 �15 �19 3.33 3.28 –

Note: Up to three local maxima set 8 mm apart are reported for each cluster. All

regions result from contrasts using a whole-brain extent threshold of P<0.005

and a cluster extent of 19 voxels to correct for multiple comparisons (see

Methods). Coordinates are in MNI space. Abbreviations: Amy, amygdala; BA,

Brodmann area; Hem, hemisphere; L, left; R, right.
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even conscious awareness (Winston et al., 2003). In contrast,
available evidence indicates that the contributions of AI to emo-
tional processing depend on self-awareness of the aroused
experience (Critchley et al., 2002, 2004; Phan et al., 2004). This
characteristic of the AI is consistent with contributions of AI to
awareness of visceral responses, which provides a substrate for
subjective feelings (Craig, 2009a). For example, right AI activity
has been linked to interoceptive awareness of heartbeats
(Harrison et al., 2010; Zaki et al., 2012).

Unexpectedly, we did not find greater activity for ISO than
EPO in dACC, another component of the salience network asso-
ciated with interoceptive awareness of emotion (Critchley et al.,
2004; Pollatos et al., 2007; Zaki et al., 2012). In our study, dACC
showed a significant main effect of emotion but not a signifi-
cant interaction between emotion and attentional orientation
(Table 2). Although we predicted an interaction, there is evi-
dence in the literature that some dACC regions may respond
similar to ISO and EPO. For example, a meta-analysis of auto-
matic fear conditioning and conscious appraisal of threat,
which could be respectively classified as EPO and ISO condi-
tions, found some overlapping activity within the dACC
(Mechias et al., 2010). At any rate, it is clear that further research
is required to distinguish between dACC regions that are sensi-
tive or insensitive to the ISO vs EPO manipulation.

Although no emotion-related effects were observed for EPO
vs ISO, it is important to note that the specific nature of the task
used to induce external orienting is likely to influence the

present results. Externally oriented tasks in studies using emo-
tional stimuli have been shown to generate activity in higher
order perceptual processing regions (Sato et al., 2001; Pessoa
et al., 2002; Vuilleumier et al., 2003; Sarkheil et al., 2013), particu-
larly when emotionally salient stimulus dimensions are rele-
vant. Thus, with respect to both active perception and later
memory, it may be beneficial for future studies to investigate
differences between different external orienting tasks while
also comparing these effects to conditions that focus on the in-
ternally oriented experience of emotion.

Memory-related activity

The main result of this study was finding that the differences
between the amygdala and salience network previously
reported in the emotional perception domain occur also in the
emotional memory domain, whereas the amygdala showed
emotion effects on SMEs during both ISO and EPO, AI and dACC
showed these effects exclusively during ISO (Figure 4). It is note-
worthy that in addition to AI and dACC, other components of
the salience network such as SN and ventral striatum (Seeley
et al., 2007) also showed the same effect. A few previous emo-
tional memory fMRI studies found AI and dACC activations
under conditions that could be interpreted as emphasizing ISO
(Canli et al., 2002; see also Canli et al., 1999; Qin et al., 2012;
Waringa and Kensingera, 2012). However, this study provides
the first clear evidence that the contributions of AI and dACC to

Table 4. Memory-related activity: Emotion�Attentional orienting interactions

Regions Hem BA MNI xyz coordinates t Z voxels

Greater emotion effect during ISO than EPO
AI ROI L 13 �34 8 �11 3.61 3.49 85

L 13 �34 15 0 3.29 3.20 –
L – �30 23 8 3.02 2.95 –
R 13 38 15 0 3.24 3.15 82
R 13 45 8 �4 3.21 3.12 –
R 13 34 15 �11 2.73 2.67 –

dACC ROI L 24 �4 19 27 2.9 2.83 102
R 32 4 30 30 2.74 2.69 –
R 32 8 19 34 2.73 2.68 –

Dorsal/dorsomedial frontal cortex R 9 41 30 38 3.83 3.68 37
R 9 49 4 34 3.64 3.51 164
R 8 19 19 49 3.56 3.44 –
R 6 15 8 65 3.42 3.31 –
R 8 4 26 53 3.09 3.01 20

Ventrolateral prefrontal cortex R 47 45 41 �8 3.41 3.30 19
Substantia nigra R SN 8 �11 �15 3.7 3.57 55

L – �15 �11 �4 3.05 2.97 –
L – �8 �4 �11 2.86 2.79 –

Striatum R Put 30 �19 �4 4.06 3.89 36
R 38 �11 �15 2.91 2.84 –
R – 15 11 4 3.21 3.12 37
R – 15 0 4 2.92 2.86 –
R Put 15 11 �8 2.73 2.67 –

Inferior parietal lobule R 30 �49 61 3.55 3.43 90
Superior temporal gyrus R 60 �53 15 3.36 3.26 25

R 53 �49 15 3.29 3.20 –
Greater emotion effect on SMEs during EPO than ISO

No regions

Note: Up to three local maxima set 8 mm apart are reported for each cluster. All regions with the exception of the two a priori ROIs result from contrasts using a whole-

brain extent threshold of P< 0.005 and a cluster extent of 19 voxels to correct for multiple comparisons (see Methods). ROI results (AI ROI and dACC ROI) were FDR cor-

rected at a threshold of P<0.05. Coordinates are in MNI space. Abbreviations: SN, substantia nigra; Put, putamen; BA, Brodmann area; Hem, hemisphere; L, left; R, right.
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emotional memory occur for ISO but not for EPO and are dis-
sociable from the pattern displayed by the amygdala.

The current finding linking AI and dACC to emotional mem-
ory formation is consistent with evidence from non-human ani-
mals showing that, in addition to processing interoceptive
signals, the AI and dACC mediate consolidation of affective asso-
ciations. For example, one study showed that immediately fol-
lowing an inhibitory avoidance task, injections of glucocorticoid
receptor agonists into rodent AI enhanced later memory for aver-
sive associations (Miranda et al., 2008; Fornari et al., 2012). In
related work, administration of memory disrupting b-adrenergic
receptor antagonists to the AI reduced memory related to aver-
sive environmental contexts (Miranda et al., 2011), while a separ-
ate study found that inhibitory stimulation of dACC in primates
prevented spontaneous recovery of aversive memories (Klavir
et al., 2012). Moreover, the amygdala, AI and prelimbic cortex (the
rodent analog of human dACC; Milad and Quirk, 2012) are
synchronized during aversive learning in rodents, showing in-
creases in activity corresponding to neuronal firing in basolateral
amygdala (Uematsu et al., 2014). Taken together, extant animal
research shows that salience network regions are an important
substrate for more basic arousal-related memory processes in
non-human animals. In humans, the present findings indicate
that they may play a distinct but related role in processing and
integrating autonomic/somatosensory markers into long-term
representations of individual events.

Memory-related amygdala connectivity

Finally, our third finding was that the enhancing effect of emo-
tion on memory formation during ISO was associated with
increased coupling between the amygdala and dACC. Amygdala
connectivity is known to play an important role in emotional
learning and memory (Hermans et al., 2014). For example, a
recent fMRI study of classical conditioning showed that amyg-
dala–dACC interactions predicted the consolidation of acquired
fear associations (Feng et al., 2014). Also, conditioning studies in
rodents have shown that coupling between the amygdala and
prelimbic cortex plays a role in associative fear or aversive
memory formation (Burgos-Robles et al., 2009; Tan et al., 2010,
2011; Uematsu et al., 2014; see also for primates: Livneh and Paz,
2012; Klavir et al., 2013). However, it is difficult in humans and
impossible in rodents to determine the extent of ISO involve-
ment in these conditioning paradigms. To our knowledge, this
is the first study demonstrating that amygdala connectivity
with dACC contributes to emotional memory under ISO but not
under EPO.

Conclusion

This study explored how internally oriented attention to affective
or bodily reactions during emotional experience influences mem-
ory encoding. We observed that AI was preferentially recruited

Fig. 4. ROI analysis for memory-related Emotion�Orienting condition interaction. Mean parameter estimates, extracted and averaged across all the voxels in each ROI

for each participant, are plotted for each task condition. (A) Bilateral AI (SVCFDR<0.05, k>10 contiguous voxels) and (B) dACC regions showing emotional SMEs in the

ISO condition than in the EPO condition (SVCFDR<0.05, k>10 contiguous voxels; see Table 4 for coordinates). Error bars denote standard error.
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for emotional perception during ISO, as compared with EPO.
Critically, both AI and dACC, the core components of the salience
network (along with other regions of this network), were found to
support subsequent memory success for ISO encoding. Finally, al-
though the amygdala supported emotional memory in both con-
ditions, PPI analyses revealed that the formation of particularly
strong memories during ISO was associated with selective cou-
pling between the amygdala and dACC. These results provide
additional evidence that orientation can greatly influence emo-
tional processing, and most importantly, they suggest that partly
distinct mechanisms of emotional memory formation may ac-
company internally oriented awareness of the affective response.
As this area of research is explored further, it will be necessary to
consider factors like individual variation in emotional responsiv-
ity (emotional awareness trait, somatic response, etc.) to obtain a

fuller picture of the relationship between interoceptive aware-
ness and memory.
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Fig. 5. Functional connectivity modulated by subsequent memory success (HCH>miss) as a function of Emotion and Orienting condition. In dACC, functional connect-

ivity with the right amygdala increased for emotion-related SMEs in the ISO vs EPO condition (i.e. an emotion� condition interaction) surviving to whole-brain analysis

at P< 0.005, uncorrected and extent threshold of 19 contiguous voxels; dACC global maxima¼MNI: 0, 8, 34, Z-value¼3.29, cluster extent¼38 voxels. Mean parameters

are plotted for each task condition.
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