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a b s t r a c t

It is well known that amygdala activity during encoding corresponds with subsequent memory for emo-
tional information. It is less clear how amygdala activity relates to the subjective and objective qualities
of a memory. In the present study, participants viewed emotional and neutral objects while undergoing
a functional magnetic resonance imaging scan. Participants then took a memory test, identifying which
verbal labels named a studied object and indicating the vividness of their memory for that object. They
then retrieved episodic details associated with each object’s presentation, selecting which object exem-
plar had been studied and indicating in which screen quadrant, study list, and with which encoding
question the exemplar had been studied. Parametric analysis of the encoding data allowed examination
of the processes that tracked with increasing memory vividness or with an increase in the diversity of
arametric
ubsequent memory

episodic details remembered. Dissociable networks tracked these two increases, and amygdala activity
corresponded with the former but not the latter. Subsequent-memory analyses revealed that amygdala
activity corresponded with memory for exemplar type but not for other episodic features. These results
emphasize that amygdala activity does not ensure accurate encoding of all types of episodic detail, yet
it does support encoding of some item-specific details and leads to the retention of a memory that will
feel subjectively vivid. The types of episodic details tied to amygdala engagement may be those that are

ing a
most important for creat

Memories that we retrieve can differ both in their subjective
ividness and in their objective details. But these dimensions do
ot have to be aligned, and the types of episodic details that we
emember can vary greatly from event to event. We can remem-
er a plane flight vividly, and our memory can include information
bout the spatial, temporal, and contextual details of an event. Or
e can remember a plane flight vividly, despite being unable to

emember where we were traveling to or how long ago the trip
ccurred. Or we can feel that our memory of a flight is not par-
icularly vivid, yet we may be able to remember many accurate
pisodic details about the flight. As these examples highlight, there
an be a complex relation between the subjective vividness and the

iversity of episodic details remembered.

This relation may be particularly complex when memories are
f an emotional nature (e.g., Dougal & Rotello, 2007; Talarico
Rubin, 2003). There are many examples of eyewitnesses who
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subjectively vivid memory.
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erroneously but confidently identify a perpetrator (e.g., Charles,
Mather, & Carstensen, 2003; Wells et al., 1998; Woocher, 1976)
or of individuals who vividly recollect inaccurate details of past
emotional experiences (e.g., Neisser & Harsch, 1992). These find-
ings emphasize that the subjective vividness of a memory is not
always tethered to the amount of accurate episodic information
remembered about an event, a finding that suggests these two types
of mnemonic features may be supported by distinct processes.
Phelps and Sharot (2008) have described emotion as enhancing the
“feeling of remembering,” and have connected this enhancement
to amygdala engagement. Indeed, some research focusing on the
role of retrieval-related processes has suggested that the amygdala
plays a particularly important role in guiding the subjective expe-
rience of recollection, whereas it may not be tied to the retrieval
of all types of episodic details (Sharot, Delgado, & Phelps, 2004;
Sharot, Martorella, Delgado, & Phelps, 2007). Further evidence to
suggest that emotion may enhance the subjective feeling of remem-

bering rather than the recovery of accurate episodic detail has come
from behavioral studies revealing that emotion can boost false
recollection and can bias participants to believe they have encoun-
tered emotional information previously (Brainerd, Stein, Silveira,
Rohenkohl, & Reyna, 2008; Dougal & Rotello, 2007; Gallo, Foster,

dx.doi.org/10.1016/j.neuropsychologia.2011.01.017
http://www.sciencedirect.com/science/journal/00283932
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Johnson, 2009). Contrary to this view, however, is evidence that
mygdala engagement during retrieval can enhance the recovery
f some episodic details (Kensinger & Schacter, 2007), including
he emotional context in which an event was experienced (Smith,
enson, Rugg, & Dolan, 2005). Thus, it is possible that the connec-

ion between the amygdala and the recollection of past emotional
xperiences reflects not only a change in the subjective qualities but
lso in the amount of episodic detail retrieved (see Dolcos, LaBar,
Cabeza, 2005 for further discussion).
Research examining the interplay between the subjective vivid-

ess and the diversity of episodic detail included within a memory
as often focused on the role of the amygdala during retrieval (e.g.,
harot et al., 2004). Yet the amygdala is believed to exert much
f its influence upon earlier phases of memory, including mem-
ry encoding. Higher amygdala activity corresponds with improved
ncoding of emotional events (see Hamann, 2001; LaBar & Cabeza,
006 for reviews), and lesions to the amygdala result in an impair-
ent in the recollection of emotional information (e.g., Richardson,

trange, & Dolan, 2004). The primary goal of the present study,
herefore, was to examine how amygdala engagement at encod-
ng would correspond with the subjective vividness of a memory
r with the diversity of episodic details remembered.

This study was designed to contribute to ongoing debates about
hether amygdala activity corresponds with successful encoding

f episodic detail. Some studies have found a link between amyg-
ala activity and memory for episodic features (e.g., Kensinger,
aroff-Eaton, & Schacter, 2007), but other studies have found that
mygdala activity corresponds with item memory, but not with
ource memory (e.g., Dougal, Phelps, & Davachi, 2007; Kensinger

Schacter, 2006). We have hypothesized previously that amyg-
ala activity may correspond with memory for only a subset of
pisodic features, and that the amygdala’s correspondence to sub-
equent memory may therefore vary depending on the particular
ype of episodic detail assessed (Kensinger, 2009; see also Mather,
007; Phelps & Sharot, 2008). In particular, amygdala activity dur-

ng encoding may correspond with the ability for participants
o remember details that are specifically tied to the emotional
tem itself (e.g., its sensory features) but amygdala engagement

ay not enable the encoding of other contextual details that are
ore peripherally related to the item (Kensinger, 2009; Mather,

007). The present study allowed a direct examination of the valid-
ty of this hypothesis by assessing memory for multiple different
ypes of episodic details. We tested participants’ abilities to encode
hose types of details most readily distinguished in assessments of
pisodic memory: memory for spatial context (operationalized as
emory for screen quadrant), memory for temporal context (mea-

ured as memory for the study list in which an item was presented),
emory for conceptual detail (operationalized as memory for the

ecision made about an item), and memory for item-specific detail
operationalized as memory for the visual features of the presented
bject exemplar).

The present study examined whether amygdala engagement
uring encoding would correspond with the subjective vivid-
ess of a memory and with memory for these different types
f episodic details. We addressed this question in two ways.
irst, we used parametric analyses to assess whether increases
n amygdala activity would correspond with increases in sub-
ective ratings of vividness or whether its activity would relate
o increases in the number of different types of episodic details
hat could be remembered about an emotional item. Second, we
sed subsequent-memory analyses to examine whether amygdala

ngagement at encoding was tied to memory for specific types
f episodic details. Based on proposals that the amygdala is tied
o the ability to encode only select types of episodic details (e.g.,
ensinger, 2009; Mather, 2007; Phelps & Sharot, 2008), we hypoth-
sized that amygdala engagement would be tied to enhancements
ologia 49 (2011) 663–673

in the subjective richness of an episodic memory but that its
engagement would not lead to a greater diversity of episodic details
remembered about an emotional item. Rather, we hypothesized
that the amygdala would only be tied to the ability to remember
a subset of the episodic details that we assessed. Based on prior
research, we hypothesized that the amygdala would correspond
with the ability to retrieve item-specific details (consistent with
Kensinger, 2009; Mather, 2007); it also seemed likely that amyg-
dala engagement could benefit memory for the spatial location of
the object, because some behavioral research has suggested that
emotional objects may be bound to their spatial location during
processing (e.g., MacKay et al., 2004; Mather, 2007).

A secondary goal of the present study was to examine whether
the link between amygdala engagement and subsequent mem-
ory would differ depending upon the affective characteristics of
the item being remembered. Emotional experiences are commonly
divided into the dimensions of valence, referring to the pleasant-
ness or unpleasantness of an event, and arousal, describing whether
an event is exciting or agitating, or calming or subduing (e.g.,
Russell, 1980). Amygdala engagement during encoding has been
proposed to be connected to the arousal elicited by an experience
(Anderson, Yamaguchi, Grabski, & Lacka, 2006; Kensinger & Corkin,
2004), but this does not negate the possibility that it could still
show some tie to the subjective vividness of a memory even for
items low in arousal, particularly when memory is assessed after a
short delay. Similarly, amygdala activity has been tied to the ability
to encode both positive and negative items (e.g., Hamann & Mao,
2002; Kensinger & Schacter, 2008), but this does not mean that its
activity would correspond equally to the subjective vividness or
episodic detail encoded for each of these valences of information.

To examine whether the link between amygdala engagement
at encoding and subsequent memory vividness or memory detail
was modulated by the valence or arousal of stimuli, we pre-
sented participants with four different categories of emotional
stimuli: negative high arousal, negative low arousal, positive high
arousal, and positive low arousal. We examined the correspon-
dence between encoding-related activity and subsequent memory
for all emotional items, collapsing across the characteristics of
valence and arousal, and we also examined how that encoding-
related activity might differ depending upon the valence and
arousal of the to-be-remembered information.

1. Methods

1.1. Participants

Participants included 15 females and 11 males between the ages of 18 and 28. All
participants were screened to exclude those with histories of neurological, psychi-
atric, or mood disorders. All participants received low scores on the Beck Depression
Inventory (mean = 1.8, SD = 2.2; on this scale, scores greater than 10.0 are considered
to indicate the presence of depressive symptoms; Beck, Ward, Mendelson, Mock, &
Erbaugh, 1961). All participants indicated that they were taking no medications that
would affect the central nervous system.

Due to malfunction with the stimulus presentation projector (1 participant),
problems obtaining signal using the MRI head coil (1 participant), excessive head
motion (2 participants), or chance memory performance (3 participants), 7 partici-
pants were excluded from analysis. The remaining 19 participants were 11 females
and 8 males with a mean age of 22.7 years (SD = 2.5) and 15.3 years of education
(SD = 1.6).

1.2. Materials

Stimuli comprised photo objects used in prior investigations of emotional mem-
ory (objects taken from those used in Waring & Kensinger, 2009; Schmidt et al., in
press). These images were taken from the Hemera photoset (www.hemera.com)

and were supplemented with images from online databases (e.g., www.clipart.com,
images.google.com). Normative data for these stimuli had been gathered previously,
for use in prior studies (all stimuli were a subset of those used by Schmidt et al., in
press; Waring & Kensinger, 2009), but because the stimuli were drawn from multiple
datasets, we asked a separate group of 10 participants (5 female and 5 male, mean
age = 20.1, mean years of education = 14.5) to rate all possible stimuli for valence

http://www.hemera.com/
http://www.clipart.com/
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Table 1
Mean valence and arousal ratings for stimuli used in experiment. Values in paren-
theses represent standard error of the mean.

Valence Arousal

Neutral 5.3 (.03) 3.5 (.03)
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Fig. 1. During encoding (top panel), participants viewed images presented in one
of four quadrants, in one of four lists, and were asked one of four questions about
each image. At retrieval (bottom panel), participants were shown the verbal labels
corresponding to items that could have been studied and were asked to indicate
whether that label referred to a studied object (“old”) or not (“new”). For labels

objective number of details remembered.
For each model, regressors were created for each of four event types (remem-

bered negative arousing items, remembered positive arousing items, remembered
negative nonarousing items, and remembered positive arousing items1), and for
each event type, a corresponding parametric regressor (modeled linearly) was
Negative high arousal 2.7 (.04) 6.2 (.04)
Negative low arousal 3.0 (.04) 3.3 (.04)
Positive high arousal 7.2 (.04) 6.1 (.03)
Positive low arousal 7.1 (.03) 3.1 (.04)

nd arousal. These ratings were made using a 7-point Likert scale, with low values
ndicating negative valence or low arousal, respectively. Based upon these ratings,
00 stimuli were selected because they could be clearly divided into five groupings:
hose that were negative and high arousal (average valence lower than 3.5, average
rousal greater than 5), positive and high arousal (average valence greater than 6.5,
verage arousal greater than 5), negative and low arousal (average valence lower
han 3.5, average arousal lower than 5), positive and low arousal (average valence
reater than 6.5, average arousal lower than 5), and neutral (valence ranging from
.5 to 6.5, arousal lower than 5). An ANOVA conducted on the four “emotional”
ategories (i.e., excluding neutral items) confirmed that there was a main effect of
rousal (p < .001) and a main effect of valence (p < .001), but no interaction between
rousal and valence (F < 1.2, p > .25; see Table 1 for valence and arousal ratings of
timuli in each category).

.3. Behavioral procedure

While undergoing an fMRI scan, participants viewed four encoding lists; across
he lists, 30 photo objects were from each emotion category (7 or 8 presented in
ach list). Photo objects appeared for 2 s in one of four quadrants on the screen and
ere followed by one of four question prompts: common, living, store, or fit. The
rompt indicated which question the participant should answer about the object:

s it something common that you would see in an average month? Is it something
iving? Is it something that you could buy in a department store? Is it something that

ould fit in a file cabinet drawer? Participants pressed a button with their thumb to
ndicate “yes” and a button with their index finger to indicate “no”; button presses

ere made via a magnet-compatible button-box. Participants had 2 s to make their
esponse.

The presentation of these trials was pseudorandomly intermixed
ccording to an optimal sequencing program written by Doug Greve
surfer.nmr.mgh.harvard.edu/opseq) to optimize the detection of the hemo-
ynamic response associated with each trial (Dale, 1999). The interstimulus

nterval (ISI) was also determined by this program and ranged from 2 to 14 s
average of 4 s); the ISI included a fixation cross which participants were asked to
assively view.

Outside of the scanner, and after an approximately 30-min delay, participants
erformed a recognition memory test. For 300 images (the 150 that had been pre-
ented in the scanner and 150 novel objects, 30 from each emotion category),
articipants were shown a series of verbal labels (e.g., “canoe”) and were asked to

ndicate whether the word named an object that had been seen during the fMRI scan.
f participants indicated that the word did not name a studied item, they were pre-
ented with the next verbal label. If they indicated that the word did name a studied
tem, they were then asked a series of additional questions. They were asked to rate
he vividness of their memory for the studied object, on a scale of 1–7. They were
sked to select, from four alternatives, which particular exemplar of the object had
een viewed during the fMRI scan (e.g., which canoe they had seen). They selected in
hich quadrant of the screen the image had appeared, in which study list the object
ad been presented, and which question they had been asked to answer about the

mage (see Fig. 1 for depiction of task design). To avoid participant confusion, these
etrieval questions were asked in a fixed order to each participant, although the
rder of the retrieval questions was rotated across participants.

.4. fMRI procedure

Participants were scanned on a 1.5 T Siemens Avanto whole body MRI scanner
Erlangen, Germany), using a 32-channel high-resolution head coil. Stimuli were
rojected from a Macintosh iBook G4 using a Sharp200 color LCD projector with a
ollimating lens (Buhl Optical). The image was shown on a screen that was mounted
t the end of the magnet bore. The screen was viewed via mirrors placed on the head
oil.

Anatomic images were acquired with a multi-planar rapidly acquired gradient
cho (MP-RAGE) sequence and a T1-weighted inversion recovery echo planar image
as acquired for auto alignment.
Functional images were acquired via a T2*-weighted echo planar imaging
equence sensitive to blood oxygenation dependant contrast (BOLD). The TR was
000 ms, the effective TE was 40 ms, and the flip angle was 90◦ . The slices were
cquired in an interleaved fashion, at an axial-oblique angle parallel to the AC-PC
ine. Twenty-six slices were acquired in a 3.125 mm × 3.125 mm × 3.84 mm matrix.
he slices were 3.2 mm thick and had a 0.64 mm skip between slices.
judged to be old, participants then rated the vividness of their memory for the cor-
responding encoding episode, and selected the image exemplar, the question asked,
the list in which the image was presented, and the quadrant in which the image was
presented.

Preprocessing and data analysis were completed using SPM5 (Wellcome Depart-
ment of Cognitive Neurology, London, UK). Preprocessing included: slice time
correction, motion correction (which used a six parameter, rigid body transforma-
tion algorithm from SPM5), normalization (to the Montreal Neurological Institute
template, with resampling at a 3 mm isotropic resolution), and spatial smoothing
(at a 5 mm isotropic Gaussian kernel).

1.5. fMRI data analysis

Analysis of the fMRI data focused on the emotional categories of items. The
neutral items were included in the task to ensure that participants’ responses to the
emotional items would be consistent with prior normative data. Prior pilot data from
our laboratory has revealed that emotional reactions to stimuli are influenced by
context (e.g., a high-arousal word is less arousing if presented in the context of high-
arousal pictures), and so if no neutral items were presented, it seems plausible that
this would alter the experience associated with each type of emotional item. Two
types of analyses were performed on the data: parametric analyses and a structural
ROI analysis of the amygdala.

1.6. Parametric analyses

Two separate fixed-effects models were created. One model examined the neu-
ral activity corresponding with an increase in subjective memory vividness, while
the second model examined the activity corresponding with an increase in the
1 Separate parametric models were set up to include regressors for the remem-
bered neutral items, with regressors of no interest included for the forgotten neutral
items and for the emotional items. These analyses revealed no activity within the
amygdala, even at a liberal threshold (p < .05), and so these analyses will not be
discussed further.
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Table 2
Mean proportion (SE) of items correctly endorsed (“hits”) or correctly rejected. Cor-
rected recognition rates reflect the hit rate minus the false alarm rate (note that the
category of “emotional” collapses across negative high arousal, negative low arousal,
positive high arousal, and positive low arousal).

Hits Correct rejections Corrected
recognition (hits
minus false alarms)

Neutral .55 (.03) .87 (.03) .43 (.04)
Emotional .63 (.02) .86 (.02) .49 (.02)

Negative high arousal .70 (.03) .82 (.02) .52 (.04)

To examine how emotion affected memory for detail, a
repeated-measures ANOVA was conducted with diversity of
episodic details remembered (no details remembered, one, two,
or three details remembered) and emotion (neutral, emotional)

Table 3
Mean proportion (SE) of vividness ratings given to correctly recognized emotional
and neutral items (note that the category of “emotional” collapses across negative
high arousal, negative low arousal, positive high arousal, and positive low arousal).

Not vivid Somewhat
vivid

Vivid Very vivid

Neutral .27 (.06) .36 (.04) .18 (.03) .18 (.04)
66 E.A. Kensinger et al. / Neuro

ncluded. All participants had at least 8 of each of these event types (range = 8–25).
hese parametric regressors tracked either the subjective memory vividness (for the
rst model) or the objective number of details remembered (for the second model).
or the model examining associations with subjective memory vividness, ratings of
–2, 3–4, 5–6, and 7 were analyzed as four separate levels. For the model examining
ssociations with number of details, 0, 1, 2, and 3 details remembered were analyzed
s four separate levels. Regressors of no interest were included for the neutral items
nd for the forgotten emotional items, so that activity associated with these items
id not enter the error term.

For each model, a contrast was computed to reveal the positive parametric
esponse for each condition. The resulting contrast images were then entered into an
NOVA conducted at the random-effects level that included arousal and valence as

actors. The two ANOVAs (one for each model) examined the regions whose activity
aried parametrically with subjective memory vividness, or with objective mem-
ry detail. These ANOVAs revealed the regions that showed this parametric relation
cross all emotional items, and they also revealed the regions in which this corre-
pondence differed as a function of the arousal or valence of the to-be-remembered
nformation. More specifically, to identify regions that showed a parametric cor-
espondence that was not affected by an item’s valence or arousal, analyses used
xclusive masking to reveal the regions that showed a parametric correspondence
o image vividness (or detail) but neither a main effect of valence, a main effect of
rousal, nor an interaction between valence and arousal. Regions were considered to
e significant if they were active in the parametric contrast at a threshold of p < .001
ncorrected and with an 8-voxel extent (using Monte Carlo estimates described by
lotnick, Moo, Segal, & Hart, 2003 to allow for a p < .05 corrected significance value)
nd did not show a main-effect or interaction-effect in the ANOVA even when the
hreshold for those effects was lowered to a significance of p < .05. These regions,
herefore, showed a parametric relation to all emotional items, and this relation
as not significantly impacted by the item’s valence or arousal.

To identify regions that showed a parametric correspondence to image vividness
or detail) that was modulated by valence, we looked for regions that were revealed
y the ANOVA to show a main effect of valence (at p < .001 uncorrected and an 8-
oxel extent, as described above) but not an interaction between valence and arousal
using exclusive masking as described above). Similar exclusive masking methods
ere used to identify the regions that showed a main effect of arousal, making sure

hese regions showed only the main effect and not an interaction between valence
nd arousal. Finally, the results of the ANOVA were used to identify regions that
howed an interaction between valence and arousal. When the ANOVA revealed a
ain effect, random-effects one-sample t-tests were then conducted to examine

he direction of the effect (e.g., whether a main effect of arousal indicated a more
ositive parametric relation for high-arousal items or for low-arousal items). These
-tests again used a p < .001 uncorrected and an 8-voxel extent to allow for a p < .05
orrected significance value using Monte Carlo estimates (Slotnick et al., 2003).

.7. ROI analysis of the amygdala

Because the amygdala was a region in which we had an a priori interest, we
efined two anatomical masks using the MARINA software (Walter et al., 2003). One
ask included all voxels within the right amygdala while the other mask included

ll voxels within the left amygdala. Within these masks, we examined the pattern of
ubsequent memory performance that corresponded with amygdala engagement.

e were particularly interested in examining the types of details for which there
ere links between amygdala engagement and subsequent memory.

ROI analyses were conducted using the REX–ROI extraction toolbox
http://web.mit.edu/swg/software.htm), which extracts beta values for each con-
ition of interest. For each participant, the beta values for each condition were
escaled by the constant beta value to obtain a measure of percent signal change.
hese rescaled values were then used to compute the group mean and SE percent
ignal change value for each condition.

. Results

.1. Behavioral results: recognition accuracy

An ANOVA was conducted to examine how emotion (emotional,
eutral) affected the corrected recognition rates (hits minus false
larms). This ANOVA indicated a significant main effect of emo-
ion, F(1,17) = 4.99, p < .05, partial eta-squared = .23, with emotional
tems having higher corrected recognition rates than neutral items
see Table 2). Additional ANOVAs revealed that the benefit for emo-
ional items emerged in the hit rates, F(1,17) = 7.96, p < .04, partial

ta-squared = .32, whereas the false alarm rates did not differ, p > .5.

To assess how the valence and arousal of the emotional items
ffected recognition accuracy, ANOVAs were conducted for just the
motional items, including valence (negative, positive) and arousal
high, low) as factors. When this ANOVA was conducted on the
Negative low arousal .65 (.02) .88 (.03) .53 (.03)
Positive high arousal .60 (.02) .84 (.03) .44 (.03)
Positive low arousal .59 (.02) .89 (.02) .48 (.03)

corrected recognition rates (i.e., hits minus false alarms), there
was only a main effect of valence, F(1,17) = 6.55, p < .05, partial eta-
squared = .28, with negative items recognized more accurately than
positive items (see Table 2). Additional ANOVAs revealed that the
benefit for negative items stemmed from an effect of valence on the
hit rate, F(1,17) = 12.59, p < .05, partial eta-squared = .32, whereas
valence did not affect the false alarm rate, p > .2.

2.2. Behavioral results: memory vividness

To examine how emotion affected the distribution of vividness
responses, a repeated-measures ANOVA was conducted, examining
how emotion (emotional, neutral) affected the proportion of vivid-
ness rating (not vivid (1–2), somewhat vivid (3–4), vivid (5–6), very
vivid (7)). This ANOVA revealed a significant interaction between
vividness rating and emotion, F(3,20) = 3.22, p < .05, partial eta-
squared = .33. As can be seen in Table 3, for neutral items, responses
that a memory was “very vivid” or “vivid” were less frequent than
responses that a memory was “somewhat vivid” or “not vivid.” For
emotional items this pattern was not upheld, revealing a pattern of
more vivid memories for emotional items than for neutral items.

To examine whether this pattern of results was comparable for
all emotional items, or whether it was specific to items with partic-
ular affective characteristics, another ANOVA was conducted just
on the responses given to the emotional items with vividness rating
(not vivid, somewhat vivid, vivid, and very vivid), valence (positive,
negative), and arousal (high, low) as factors. This ANOVA revealed
only a significant interaction between arousal and vividness rat-
ing, F(3,20) = 4.37, p < .05, partial eta-squared = .40, reflecting the
fact that memory vividness was greater for items that were high
in arousal (see Table 3).

2.3. Behavioral results: memory for details
Emotional .21 (.02) .26 (.04) .27 (.03) .26 (.04)

Negative high arousal .24 (.04) .25 (.04) .22 (.04) .32 (.04)
Negative low arousal .25 (.03) .27 (.04) .24 (.03) .24 (.04)
Positive high arousal .23 (.03) .24 (.04) .24 (.04) .30 (.04)
Positive low arousal .17 (.03) .27 (.04) .27 (.04) .30 (.05)

http://web.mit.edu/swg/software.htm
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Table 4
Mean proportion (SE) of correctly recognized items that were remembered with
each number of details (note that the category of “emotional” collapses across neg-
ative high arousal, negative low arousal, positive high arousal, and positive low
arousal).

No details One detail Two details Three details

Neutral .11 (.02) .35 (.02) .42 (.03) .12 (.02)
Emotional .11 (.02) .31 (.02) .49 (.03) .11 (.02)

Negative high arousal .12 (.02) .34 (.04) .43 (.03) .11 (.01)
Negative low arousal .10 (.03) .28 (.03) .50 (.04) .12 (.02)
Positive high arousal .08 (.02) .30 (.03) .55 (.04) .06 (.01)
Positive low arousal .12 (.03) .31 (.03) .47 (.03) .10 (.02)
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Because a key interest of this study was to examine the
link between amygdala engagement and subsequent memory, we
defined the left amygdala and the right amygdala as anatomical
ROIs, using the MARINA toolbox (Walter et al., 2003). Because activ-
ity in the left amygdala showed no correspondence to subsequent

2 When a parametric analysis was conducted for only the neutral items, the amyg-
dala did not show a parametric relation to subsequent memory vividness, and an
interaction contrast confirmed that the parametric relation in the right amygdala
was significantly stronger for the emotional items than for the neutral items. As can
be seen in Fig. 3, the right amygdala was not activated in response to the neutral
items. However, it is important to note that in the present study, because the num-
ber of neutral items was equated with the number of items from a single type of
emotional category (e.g., to the number of positive low-arousal items), there were
more emotional items than neutral items shown to participants. It is therefore pos-
sible that the different power in the two conditions made it easier to find strong
parametric or subsequent-memory relations for the emotional items. Future stud-
ies may choose to re-examine this issue using a design that includes a comparable
number of emotional and neutral items.
ig. 2. Activity in the right amygdala (Talairach coordinates: 34, −3, −12) showed
positive parametric relation to subjective memory vividness for the emotional

tems.

s factors. This ANOVA revealed a main effect of detail diversity,
(3,19) = 145.1, p < .001, partial eta-squared = .96, with more items
emembered with one or two details than with zero or three (see
able 4). Importantly, there was no interaction between detail
iversity and emotion (p > .15).

To examine whether this pattern of results was comparable for
ll emotional items, or whether it was specific to items with partic-
lar affective characteristics, another ANOVA was conducted on the
esponses given to only the emotional items. This ANOVA included
etail diversity (no details remembered, one, two, or three details
emembered), valence (positive, negative), and arousal (high, low)
s factors. This ANOVA revealed only a significant main effect of
etail diversity, F(3,20) = 152.5, p < .001, partial eta-squared = .96.

.4. Parametric fMRI results: neural activity varying with
ubjective memory vividness

An ANOVA was conducted on the parametric correspondence
etween fMRI signal change and subsequent vividness ratings in
rder to identify the regions that showed a few different pat-
erns of results: regions that showed a parametric response to
ubsequent vividness ratings that was not influenced by valence
r arousal; regions whose parametric relation to memory vivid-
ess was affected by valence; and regions whose parametric
elation was affected by arousal (see Table 5 for listing of all
egions that showed each of these patterns). Of most interest,

ctivity in the right amygdala (see Fig. 2), in regions throughout
he medial and lateral PFC, and within the angular gyrus of the
arietal lobe showed a parametric relation to vividness; these rela-
ions to subsequent memory vividness did not vary as a function
ologia 49 (2011) 663–673 667

of the valence or arousal of the emotional items.2 Activity in a
number of prefrontal regions showed a more strongly positive para-
metric relation to subsequent memory vividness for high-arousal
items than for low-arousal items, whereas activity in the occipi-
tal and inferior temporal cortex showed a more strongly positive
parametric relation to subsequent memory vividness for low-
arousal items than for high-arousal ones. Importantly, no region
within the amygdala showed a correspondence to subsequent
memory vividness that was influenced by the item’s valence or
arousal.

2.5. Parametric fMRI results: neural activity varying with
increasing diversity of episodic detail

A similar ANOVA was conducted on the parametric correspon-
dence between fMRI signal change and memory for detail, to reveal
the regions showing the different patterns of results described in
the prior fMRI results section (see Table 6 for listing of all regions
that showed each of these patterns). At the standard threshold, only
a single region, in the anterior cingulate gyrus, showed a paramet-
ric correspondence that did not differ as a function of valence or
arousal. When the threshold was reduced to p < .005, regions within
the PFC and a region of the right posterior hippocampus3 were
demonstrated to show this parametric correspondence. Impor-
tantly, even at a reduced threshold of p < .01, amygdala activity was
not revealed. Moreover, amygdala activity did not show a corre-
spondence to memory for detail that varied as a function of item
valence or arousal. (An ANOVA directly comparing the parametric
relations for subjective memory vividness and objective memory
for detail confirmed that the amygdala showed a main effect of
memory type [vividness, detail], showing a stronger parametric
relation to memory vividness than to memory detail.)

There were a number of regions in which the parametric relation
to episodic detail was modulated by valence or arousal (see Table 6
for listing of regions). Of most interest, regions of the occipital and
inferior temporal lobes showed a stronger parametric relation for
negative than for positive valence, and regions within the frontal
and temporo-parietal cortices showed a stronger parametric rela-
tion for low-arousal than for high-arousal items.

2.6. Anatomical region of interest analysis: subsequent-memory
activity within the amygdala
3 When the right hippocampus was defined as an anatomic region-of-interest,
using the MARINA toolbox (Walter et al., 2003), analyses on extracted beta val-
ues indicated that the hippocampus corresponded with subsequent memory for
each type of episodic detail assessed, and that it showed this correspondence to
subsequent memory for both the emotional items and also for the neutral items.
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Table 5
Regions whose activity related parametrically to increasing vividness ratings for the emotional items.

Brain region Gyrus Approx. Brodmann’s area MNI coordinates (x, y, z) TAL coordinates (x, y, z) Cluster size p-Value

Parametric relation not influenced by valence or arousal
Cingulate cortex Posterior cingulate gyrus 23 6, −60, 12 6, −57, 14 11 .001

Frontal lobe Inferior frontal gyrus 45 56, 26, 12 55, 25, 10 17 .001
45 50, 26, 2 50, 25, 0 12 .001

Medial frontal gyrus 10 10, 42, −12 10, 40, −12 78 .001
Middle frontal gyrus 8 44, 20, 48 44, 22, 43 25 .001

6 48, 6, 54 48, 8, 49 11 <.001
Orbitofrontal gyrus 11 10, 38, −18 10, 36, −17 21 <.001
Precentral gyrus 4 −36, −20, 52 −35, −17, 49 22 <.001

4/6 48, −18, 46 48, −15, 43 20 .001
Superior frontal gyrus 8/9 14, 48, 48 14, 49, 42 201 <.001

10 −8, 64, 0 −8, 62, −3 82 <.001
9 −14, 58, 30 −14, 58, 25 8 .001
10 −20, 50, 0 −20, 48, −2 40 .001

Parietal lobe Angular gyrus 39 −46, −74, 36 −45, −70, 37 76 <.001

Temporal lobe Amygdala 34, −2, −14 34, −3, −12 11 .001
Fusiform gyrus 19 24, −64, −10 24, −62, −5 9 .001

20 −58, −10, −32 −57, −11, −26 9 .001
Middle temporal gyrus 20 56, −44, −12 55, −43, −8 10 .001
Parahippo-campal gyrus 37 34, −40, −14 34, −40, −10 13 .001
Superior temporal gyrus 39 40, −60, 28 40, −57, 29 16 <.001

39 −58, −64, 26 −57, −61, 27 18 .001

Parametric relation influenced by valence (negative > positive)
Cingulate cortex Cingulate gyrus 23 4, −18, 34 4, −16, 32 31 <.001

Frontal lobe Inferior frontal gyrus 47 −36, 28, −6 −36, 27, −6 11 <.001
Medial frontal gyrus 6 4, −22, 64 4, −18, 60 49 <.001
Precentral gyrus 4 38, −26, 64 38, −22, 60 48 <.001

4 −32, −32, 62 −32, −28, 58 17 <.001
Globus pallidus 28, −18, 0 28, −17, 1 14 <.001

Parietal lobe Inferior parietal lobule 40 −52, −62, 48 −51, −58, 47 9 .001
Postcentral gyrus 5 12, −48, 70 12, −43, 67 17 <.001

Putamen 28, 0, 4 28, 0, 4 28 <.001

Temporal lobe Superior temporal gyrus 22 52, −20, 0 52, −20, 1 18 .001
41 44, −42, 14 44, −40, 15 15 <.001
22 56, −10, 6 55, −10, 6 23 .001

Parametric relation influenced by arousal (high > low)
Caudate 10, 6, 16 10, 7, 14 39 <.001

Cingulate cortex Anterior cingulate gyrus 24 2, 26, −8 2, 25, −8 31 <.001
Posterior cingulate gyrus 30 −8, −52, 22 −8, −50, 23 13 <.001

Frontal lobe Medial frontal gyrus 10 −4, 70, 12 −4, 68, 7 32 .001
9 −6, 46, 26 −6, 46, 22 23 .001

Middle frontal gyrus 8 30, 30, 50 30, 31, 45 73 <.001
6 26, −10, 46 26, −8, 43 18 <.001
11 −22, 28, −12 −22, 27, −11 16 <.001
9 34, 14, 38 34, 15, 34 12 .001
10 −30, 58, 26 −30, 57, 21 8 .001

Superior frontal gyrus 11 38, 46, −16 38, 44, −15 11 .001
8 −24, 24, 50 −24, 26, 45 14 .001
10 20, 70, 16 20, 69, 11 9 .001

Insula 13 −40, 18, 10 −40, 18, 8 30 .001

Temporal lobe Fusiform gyrus 37 −36, −38, −14 −35, −37, −10 17 <.001
Middle temporal gyrus 21 −64, −10, −6 −64, −10, −5 15 <.001

39 −34, −56, 26 −34, −53, 27 12 <.001

Parametric relation influenced by arousal (low > high)
Cingulate cortex Posterior cingulate gyrus 30 −30, −74, 10 −30, −71, 12 212 <.001

Frontal lobe Precentral gyrus 4 46, −16, 52 46, −13, 49 83 <.001

Occipital lobe Lingual gyrus 17 18, −88, −8 18, −86, −2 50 <.001
Cuneus 17 −22, −96, −8 −22, −93, −2 32 <.001
Middle occipital gyrus 19 32, −86, 6 32, −83, 10 102 <.001

18 30, −82, −14 30, −80, −8 175 <.001
19 −44, −86, 8 −44, −83, 12 10 .001

Parietal lobe Superior parietal lobule 7 −28, −58, 48 −28, −54, 47 16 <.001

Temporal lobe Parahippo-campal gyrus 36 44, −36, −12 44, −35, −8 8 .001
Fusiform gyrus 19 −24, −56, −16 −24, −55, −11 20 .001
Middle temporal gyrus 37 50, −68, 4 50, −66, 7 9 .001
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Table 6
Regions whose activity related parametrically with the number of episodic details accurately remembered. Gray shading indicates those regions that were revealed at a more
liberal threshold.

Brain region Gyrus Approx. Brodmann’s area MNI coordinates (x, y, z) TAL coordinates (x, y, z) Cluster size p-Value

Parametric relation not influenced by valence or arousal
Cingulate cortex Anterior cingulate gyrus −10, 28, 8 −10, 27, 6 11 .001

Cingulate gyrus 24 −14, −10, 46 −14, −8, 43 8 .002

Frontal lobe Inferior frontal gyrus 47 36, 30, −6 36, 29, −6 8 .005
Medial frontal gyrus 10 16, 40, −12 16, 38, −12 8 .003
Middle frontal gyrus 8 50, 14, 44 50, 16, 40 27 .002
Superior frontal gyrus 11 14, 54, −16 14, 52, −16 8 .003

Temporal lobe Posterior hippocampus 26, −36, −6 26, −35, −3 10 .004

Parametric relation influenced by valence (positive > negative)
Caudate 24, −8, 20 24, −7, 19 8 .001
Cingulate cortex Anterior cingulate gyrus 25 6, 34, −6 6, 33, −7 15 <.001

32 −14, −14, 34 −14, −12, 32 13 .001
Cingulate gyrus 24 20, −24, 22 20, −22, 21 9 .001

Parametric relation influenced by valence (negative > positive)
Caudate −40, −52, 10 −40, −50, 12 13 <.001
Cingulate cortex Anterior cingulate gyrus 32 −8, 8, 42 −8, 10, 38 8 .001

Cingulate gyrus 31 18, −40, 44 18, −37, 42 26 <.001
31 26, −26, 38 26, −23, 36 11 <.001

Insula 13 −36, 10, 20 −36, 11, 18 17 .001

Occipital lobe Cuneus 18 16, −72, 18 16, −69, 20 10 .001
23 −14, −76, 8 8, −40, 50 20 <.001

Inferior occipital gyrus 19 38, −84, −6 −14, −73, 11 22 <.001
Lingual gyrus 18 18, −86, −20 18, −84,−13 27 .001
Middle occipital gyrus 19 −36, −88, 2 −36, −75, 6 21 .001
Superior occipital gyrus 19 −42, −80, 24 −42, −76, 26 70 <.001

18 −52, −54, −18 −51,−53,−12 23 <.001

Parietal lobe Inferior parietal lobe 40 34, −48, 40 34, −45, 49 12 .001
Precuneus 18 −22, −78, 18 −22,−75, 20 14 .001

Putamen 28, −6, 0 28, −6, 0 10 .001

Temporal lobe Fusiform gyrus 37 −46, −66, −14 −46, −65, −9 12 .001
37 50, −64, −18 50,−63, −12 13 .001

Inferior temporal gyrus 37 −44, −66, −4 −44, −64, 0 16 .001
Middle temporal gyrus 39 24, −96, 12 24, −92, 16 56 <.001

39 −36, −72, 28 38, −82, −1 46 <.001
Parahippo-campal gyrus 30 −22, −46, 0 −22, −45, 2 48 <.001

Parametric relation influenced by arousal (high > low)
Frontal lobe Middle frontal gyrus 10 −36, 64, 10 −36, 62, 6 11 .001

Occipital lobe Lingual gyrus 18 6, −82, −8 6, −80, −3 11 .001

Temporal lobe Superior temporal gyrus 39 −36, −62, 30 −36, −59, 31 33 <.001

Parametric relation influenced by arousal (low > high)
Cerebellum 30, −50, −20 30, −49,−14 45 <.001

−18, −44, −28 −18,−44,−21 11 <.001

Cingulate cortex Anterior cingulate gyrus 32 −14, 32, 28 −14, 32, 24 102 <.001
Cingulate gyrus 32 −6, 10, 40 −26, 8, 9 11 .001
Posterior cingulate gyrus 30 4, −64, 6 4, −62, 9 9 .001

23 −6, −40, 22 −6, −38, 22 10 <.001

Frontal lobe Inferior frontal gyrus 47 32, 36, −2 32, 35, −3 23 .001
Medial frontal gyrus 6 −18, −20, 52 −18, −17, 49 12 <.001
Middle frontal gyrus 9 30, 34, 30 30, 34, 26 67 <.001

11 −28, 42, −4 −28, 41, −5 42 <.001

Insula 13 −42, 8, 16 −42, 8, 14 29 <.001
13 −32, 22, 16 −32, 22, 14 29 .001
13 44, 8, 2 44, 8, 1 35 <.001

Parietal lobe Precuneus 31 −22, −76, 24 −22,−73, 26 21 .001

Putamen −26, 8, 10 −26, 8, 9 13 .001

Temporal lobe Middle temporal gyrus 21 −38, 2, −38 −38, 0, −32 16 <.001
Parahippo-campal gyrus 19 40, −50, −6 40, −49, −3 17 <.001

36 22, −42, −14 22, −41,−10 21 <.001
36 −14, −40, 0 −14, −39, 2 15 .001

Superior temporal gyrus 38 −44, 8, −12 −44, 7, −10 21 .001
42 −68, −32, 14 −67, −30, 14 11 .001
38 42, 14, −32 42, 12, −28 9 .001
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emory within the current paradigm, only activity from the right
mygdala ROI will be reported.

Within the right amygdala ROI, one-tailed t tests examined
hether activity to forgotten items was significantly less than

ctivity to items remembered with different types of episodic
etails. The only significant difference emerged when compar-

ng forgotten items to items for which the specific exemplar was
emembered correctly (t(17) = −1.75, p < .05). All other t tests were
on-significant (all p > .15). As can be seen in Fig. 3, the right amyg-
ala showed a strong relation to the ability to remember the image
xemplar, but it showed no significant relation to the ability to
emember the other episodic features.4

. Discussion

The results of the present study indicate that neural activ-
ty recruited during encoding is associated with the subsequent
ividness and episodic detail with which an emotional item is
etrieved. The results reveal that the processes that predict increas-
ngly vivid memories are not the same as those that correspond

ith increasingly detailed memories. Critically, amygdala activity
as found to correspond with an increase in the subjective vivid-
ess of a subsequent memory but not in the number of episodic
etails remembered about the emotional event. Here, we discuss
he importance of these findings for understanding the way in
hich vivid or detailed emotional memories are formed.

.1. Creation of subjectively vivid memories

When it comes to remembering an emotional event vividly,
mygdala engagement is a strong predictor: the more active the
mygdala was during encoding, the more subjectively vivid a mem-
ry later was rated. Interestingly, this tie between amygdala activity
nd subsequent memory vividness held across all types of emo-
ional items, regardless of their valence or arousal, suggesting that
his link is not restricted to any one type of emotional experi-
nce. Although high-arousal experiences are often remembered
ore vividly than low-arousal ones (e.g., Kensinger & Corkin, 2003;

harot et al., 2007), the amygdala appears to show a link to memory
ividness for all types of emotional experiences.

Beyond the amygdala, it was particularly interesting that the
ngular gyrus showed a parametric relation to subsequent mem-
ry vividness. The coordinates within the angular gyrus found here
−45, −70, 37) were close to those associated with a subjective
eeling of recollection in a prior study (Slotnick, 2010, coordinates:
48, −67, 28), despite the fact that Slotnick (2010) examined the

ink to memory vividness during retrieval. Thus, the present results
re consistent with the proposal that activity within the angular
yrus supports subjective memory vividness, rather than the bind-
ng of episodic details (Slotnick, 2010; see also Montaldi, Spencer,
oberts, & Mayes, 2006; Vilberg & Rugg, 2008; Wheeler & Buckner,
004).

Although a number of regions, including the amygdala and the
ngular gyrus, showed a parametric relation to memory vividness
hat did not vary as a function of valence or arousal, other regions
howed a correspondence that was stronger for a specific type
f emotional experience. Of most interest, activity within many

refrontal regions was more strongly associated with increasing
emory vividness for high-arousal items than for low-arousal

nes, whereas occipital and inferior temporal regions showed the
pposite pattern. This pattern suggests that different processes

4 This pattern of activity was the same when the area of activity depicted in Fig. 2
as analyzed as a 5 mm spherical ROI; however, in this functional ROI the pattern
id not reach statistical significance.
ologia 49 (2011) 663–673

support the encoding of vivid recollections of emotional events
depending upon the arousal of the experience. To better under-
stand the reason for this pattern of results, it is useful to consider
the neural findings in conjunction with the behavioral results. The
behavioral results revealed that high-arousal items are remem-
bered with more subjective vividness than low-arousal items, yet
they are not remembered with more episodic detail. In other words,
participants appeared biased to believe they had encoded a rich
episodic memory of high-arousal items even when the contextual
details had not been successfully encoded. The fact that it was pre-
frontal rather than sensory cortices which showed the stronger
tie to memory vividness for high-arousal items sheds light on this
behavioral effect: it may not be the increased encoding of sensory
details that leads a person to create a subjectively vivid memory
for a high-arousal event but rather the encoding of other types of
information (e.g., internal details, autobiographical elaborations)
supported by prefrontal engagement. This pattern would be con-
sistent with prior evidence that high-arousal affect can increase
confidence and the subjective feeling of recollection without hav-
ing an accompanying influence on memory for sensory detail (e.g.,
Sharot et al., 2004, 2007; Talarico & Rubin, 2003).

3.2. Creation of episodically detailed memories

When examining the regions that corresponded with an increas-
ing diversity in the episodic details remembered, there was a
notable absence of amygdala activity. In fact, at the standard thresh-
old, only activity within the left anterior cingulate cortex showed
a link to increasing diversity in episodic detail for all types of
emotional experiences. At a reduced threshold, activity in the hip-
pocampus and lateral prefrontal cortex was also revealed. The
activity in these regions is consistent with prior studies demon-
strating their role in binding together different types of contextual
elements of an episode. The hippocampus is often associated
with episodic binding (e.g., Davachi, 2006; Slotnick, 2010; but see
Spaniol et al., 2009), and the lateral prefrontal cortex has frequently
been associated with the encoding of source information (reviewed
by Mitchell & Johnson, 2009). Although the anterior cingulate cor-
tex is less frequently associated with this role in binding, there
is some evidence from animal models to suggest that this region
may play a role in the binding of context as well (e.g., Frankland,
Bontempi, Talton, Kaczmarek, & Silva, 2004). Thus, some regions
that have been previously implicated in episodic memory forma-
tion for neutral items also appear to play a role in the binding of
multiple different types of episodic details for all emotional events,
regardless of their valence or arousal.

In a number of regions, however, the parametric relation to
increasing diversity of episodic detail was modulated by valence or
arousal. In terms of valence effects, occipital and inferior temporal
activity showed a stronger parametric relation for negative than for
positive valence. This pattern is consistent with prior proposals that
negative information may be more likely than positive informa-
tion to be encoded with an orientation toward sensory processing
(e.g., Mickley & Kensinger, 2008; Mickley Steinmetz & Kensinger,
2009). In terms of arousal effects, there was a stronger paramet-
ric relation to diversity of episodic detail for low-arousal than for
high-arousal items in regions throughout the frontal and temporo-
parietal cortices. This finding is interesting for two reasons. First,
the regions more strongly linked to episodic detail diversity for low-
arousal items than for high-arousal items include many regions that
have been implicated in elaborative and semantic processing. The

fact that these regions would be disproportionately connected to
detailed memory for low-arousal items is consistent with the pro-
posal that low-arousal events are remembered in an episodically
rich fashion when they are processed elaboratively (e.g., Buchanan,
Etzel, Adolphs, & Tranel, 2006; Kensinger, 2004). Second, the find-



E.A. Kensinger et al. / Neuropsychologia 49 (2011) 663–673 671

F equen
n emor

i
(
m
a
F
t
o

ig. 3. For emotional items, activity in the right amygdala corresponded with subs
eutral items, amygdala activity did not show any correspondence to subsequent m

ngs emphasize that the pattern noted above for memory vividness
with an increased correspondence between prefrontal activity and
emory vividness for high-arousal items) is specific to vividness
nd does not extend to memory for a diverse set of episodic details.
or detail, there is more activity throughout the frontal as well as
he temporo-parietal cortices for low-arousal items. Thus, the effect
f arousal on the processes linked to subjective vividness is distinct
t-memory only for the image exemplar but not for the other episodic details. For
y.

from its effect on the processes linked to the encoding of a diverse
set of episodic details.
3.3. The role of the amygdala in the creation of episodic memories

A primary goal of the present paper was to clarify the role
that the amygdala played in the encoding of vivid and episodi-
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ally detailed memories. The results discussed so far indicate that
mygdala engagement tracks linearly with the subjective vivid-
ess of a subsequent memory, but does not correspond with an

ncreasing diversity of retained episodic details. The reason for this
isconnect was elucidated by the anatomical ROI analyses. When
OI analyses were used to examine the correspondence between
mygdala activity and subsequent-memory performance, these
nalyses revealed that – at least after a short delay – the amygdala
howed a relation to memory for the exemplar type but not for any
ther episodic features. This pattern of results confirms what has
een proposed previously (e.g., Kensinger, 2009; Mather, 2007):
mygdala activity seems to correspond with the ability to encode
select set of details (i.e., exemplar type), rather than with the

bility to encode multiple different types of details. These results
re consistent with the proposal that amygdala activity is tied to
he successful encoding of some pieces of an experience, but that
ts engagement does not equally benefit all episodic details (see
ensinger, 2009 for a review).

The data also are consistent with the proposal by Phelps and
harot (2008) that for emotional items, “quality and strength of
emory for a few details may mediate judgments of recollec-

ion” (p. 147). It is plausible that the details enhanced by amygdala
ctivity are those that are weighted heavily when deciding about
he vividness of a memory. For instance, the degree to which you
emember what an exemplar looked like may influence the sub-
ective vividness of a memory to a greater extent than the degree
o which you remember the quadrant of the screen or the study
ist on which the image was located. The fact that it was the exem-
lar details that were encoded well when the amygdala was active
ay also relate to the fact that this information is likely to be the
ost stimulus-bound feature of all those features assessed. It may

e these intrinsic item features that are most likely to be enhanced
y amygdala engagement (discussed by Kensinger, 2009; Mather,
007), perhaps because those are the features that it will be most
daptive to remember quickly (discussed by Phelps & Sharot, 2008).

.4. Limitations and future directions

It will be important for future research to examine whether
he link between amygdala engagement and subsequent memory
hanges as the delay interval lengthens. Some of the effects of the
mygdala on memory tested after a short duration may be mediated
ia its connections with regions such as the fusiform gyrus (Talmi,
nderson, Riggs, Caplan, & Moscovitch, 2008), whereas after a long
elay, the effects of the amygdala may be more likely to reflect
irect modulatory effects on hippocampal function (e.g., McGaugh,
004). Thus, it is possible that amygdala engagement during encod-

ng would show a connection to memory for a broader set of
pisodic details after a long delay (when it is affecting hippocam-
al processing) than after a short delay (when it is more likely
o be influenced by processing in regions like the fusiform gyrus,
hich may be specialized for item-specific visual features). Indeed,
itchey, Dolcos, and Cabeza (2008) have shown that the relation
etween amygdala engagement and subsequent memory can be

nfluenced by delay interval: They found that connectivity between
he amygdala and the hippocampus was particularly important in
ustaining vivid recollection of emotional stimuli across long (1-
eek) as compared to short (20-min) delays. However, because
o prior study has distinguished the subjective feeling of recollec-
ion from the ability to recall different types of episodic details, it
emains an open question whether both of these dimensions are

ffected by a lengthening delay interval.

It will also be important for future research to examine how
he parametric effects revealed here relate to subsequent-memory
ffects typically reported with regard to the emotional enhance-
ent in memory (e.g., Canli et al., 2000; Mickley & Kensinger,
ologia 49 (2011) 663–673

2008). With the current methodology, it was not possible to
obtain enough forgotten items for each emotion category (e.g., for
positive low-arousal items) to directly compare the subsequent-
memory patterns for each of these classes of stimuli. Therefore,
the present study could not measure the both parametric rela-
tions to successfully encoded items of each emotion category and
also the subsequent-memory contrasts comparing remembered
and forgotten items from each emotion category. Given the lim-
ited number of objects that fell into each of the emotion categories
assessed here, in order to have enough remembered items to
include in the parametric analyses, we had to sacrifice the ability to
acquire signal from a sufficiently large number of forgotten items
to allow subsequent-memory contrasts to be computed for each
emotion category of item. It will be important for future research
to develop a stimulus set and a task that would allow for both the
parametric and the subsequent-memory measurements to be made
simultaneously for items of each emotional category as well as for
neutral items. Additionally, development of software that enables
the extraction of bold signal from group level parametric analy-
ses will further understanding of these parametric effects and how
they relate to subsequent memory effects.

It would also be wise for future research to be conducted to
examine whether the parametric relation between amygdala activ-
ity and subjective memory vividness is specific to emotional items
or can also generalize to memory for neutral stimuli. In the present
study, the number of neutral items was equated with the number of
items from a single emotional category (e.g., to the number of nega-
tive high-arousal items) and so was smaller than the overall number
of emotional items. This design element could have enabled us to
detect parametric relationships for the emotional stimuli but not
for the neutral stimuli simply because of these power differences.

4. Conclusion

The present study revealed dissociable processes that corre-
spond to the creation of subjectively vivid versus episodically
detailed memories for emotional items. Most notably, activity in
the amygdala corresponded with the former but not the latter,
because amygdala activity was linked to the ability to encode only
one of the episodic details assessed in this study (memory for
the specific exemplar). Although the parametric relation in other
regions was modulated by valence or arousal, the link between
amygdala engagement and subsequent memory characteristics
was stable for all emotion types. Thus, although memories for high-
arousal events can be more likely to be remembered vividly than
memories for low-arousal events, these differences may not be
tied to arousal-based differences in amygdala engagement during
encoding but rather to differences in engagement of other regions.
These results emphasize that amygdala activity does not create a
“picture-perfect” memory. Amygdala activity boosts the likelihood
of encoding only a subset of episodic details. Yet, its activity tracks
with the subjective vividness of the memory that is retained, per-
haps because the subjective vividness of a memory is closely tied
to the ability to remember the types of details that the amygdala
helps to encode.
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