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Prior research has shown memory is enhanced for emotional
events. Key brain areas involved in emotional memory are the
amygdala and hippocampus, which are also recruited during aver-
sion and its anticipation. This study investigated whether antici-
patory processes signaling an upcoming aversive event contribute
to emotional memory. In an event-related functional MRI para-
digm, 40 healthy participants viewed aversive and neutral pictures
preceded by predictive warning cues. Participants completed a
surprise recognition task directly after functional MRI scanning or
2 weeks later. In anticipation of aversive pictures, bilateral dorsal
amygdala and anterior hippocampus activations were associated
with better immediate recognition memory. Similar associations
with memory were observed for activation of those areas in
response to aversive pictures. Anticipatory activation predicted
immediate memory over and above these associations for picture
viewing. Bilateral ventral amygdala activations in response to
aversive pictures predicted delayed memory only. We found that
previously reported sex differences of memory associations with
left amygdala for women and with right amygdala for men were
confined to the ventral amygdala during picture viewing and
delayed memory. Results support an established animal model
elucidating the functional neuroanatomy of the amygdala and
hippocampus in emotional memory, highlight the importance of
anticipatory processes in such memory for aversive events, and
extend neuroanatomical evidence of sex differences for emotional
memory.

aversion � expectancy � functional MRI � neuroimaging �
recognition memory

Memories for emotional events are more persistent and vivid
than other memories (1–3). Previous research has shown that

the amygdala and hippocampus are necessary for the enhanced
memory observed for emotional material and contexts (4–12).
Recent neuroimaging studies have shown that amygdala and hip-
pocampus activation during encoding of emotional stimuli is related
to better recollection of those stimuli (13–23). Other studies have
shown that these areas already are recruited in anticipation of
aversive emotional stimuli (24–29). Moreover, emotional arousal
and emotional influences on attention and perception, which are
emphasized in the literature on emotional memory (2–7, 30, 31), are
key features of anticipating aversion. Specifically, the anticipation of
aversive events is associated with heightened arousal, as indexed by
startle (25, 32–35) and the modulation of perception and attention
(36–39) that, in turn, is important for memory encoding (40–42).

The present functional MRI (fMRI) study tested whether acti-
vation of the amygdala and hippocampus during the anticipation of
aversive events is related to subsequent memory of these events.
Based on previous findings in our laboratory (24), we expected the
dorsal amygdala and anterior hippocampus to be activated both in
anticipation of and response to aversive pictures, consistent with the
idea that there is one system that governs both processes (26, 43).
Work highlighting the role of the amygdala, especially the dorsally
located central nucleus of the amygdala (CeA), in modulating

attention and perception of motivationally salient events (2, 3, 7,
44–52) leads to the prediction that dorsal amygdala activation in
anticipation of and response to aversive pictures may show a
particularly strong association with encoding and immediate rec-
ognition of those pictures. Research establishing the hippocampus
as a primary neural substrate for episodic memory (53–57) suggests
that anterior hippocampus activation in this study would predict
both immediate and delayed recognition. Finally, based on the large
body of literature implicating the basolateral amygdala (BLA; refs.
44, 47, 58, and 59) in consolidating emotional memories via
modulation of the hippocampal system (2, 5, 6, 12, 16, 18), we
expected to find ventral amygdala activation to be associated with
delayed recognition.

Although two very recent studies have implicated anticipatory
brain processes in subsequent memory (60, 61), neither examined
the amygdala or memory of emotional stimuli. Designed to test
contributions of anticipatory brain function to memory of aversive
stimuli, this study synthesized two distinct lines of neuroscience
work on anticipating aversion and emotional memory. We also
directly assessed dorsal and ventral amygdala contributions to
memory that follow from the aforementioned nonhuman animal
research on the dorsally located CeA in attentional mechanisms
linked with memory encoding and the ventrally located BLA in
modulation of memory consolidation. The emphasis on anticipa-
tory processes and sectors of the amygdala also enabled us to assess
the specificity of previously reported sex differences for the left and
right amygdala in subsequent memory for emotional events (14, 15,
21, 62).

Results
Memory and Rating Data. Because Pr and d� were strongly correlated
for both aversive (r � 0.94, P � 0.001) and neutral (r � 0.90, P �
0.001) memory and showed highly similar effects for all analyses
conducted, results reported here concentrate on Pr. For a repeated-
measures valence (aversive, neutral) � sex (male, female) �
memory session (time 1, time 2) multivariate ANOVA
(MANOVA), the only effect was a valence � sex interaction, F(1,26)
� 6.83, P � 0.01, �2 � 0.21. Separate MANOVAs for hit rate and
false alarm rate indicated that this sex difference was present for hit
rate, F(1,26) � 6.70, P � 0.02, �2 � 0.20, but not false alarm rate,
F(1,26) � 1.47, P � 0.24, �2 � 0.05. The valence main effect for hit
rate, F(1,26) � 9.94, P � 0.004, �2 � 0.28, indicating better
recognition for aversive [mean (M) � 0.67, SD � 0.24] than neutral

Author contributions: K.L.M. and J.B.N. designed research; K.L.M., K.L.C., and J.B.N. per-
formed research; I.S. contributed new reagents�analytic tools; K.L.M., I.S., K.L.C., and J.B.N.
analyzed data; and K.L.M., I.S., and J.B.N. wrote the paper.

The authors declare no conflict of interest.

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: BLA, basolateral amygdala; CeA, central nucleus of the amygdala; fMRI,
functional MRI; M, mean.

‡To whom correspondence should be addressed. E-mail: jnitschke@wisc.edu.

© 2006 by The National Academy of Sciences of the USA

14200–14205 � PNAS � September 19, 2006 � vol. 103 � no. 38 www.pnas.org�cgi�doi�10.1073�pnas.0601648103



(M � 0.57, SD � 0.25) pictures, was particularly pronounced for
women, F(1,26) � 14.86, P � 0.001, �2 � 0.36. The valence main
effect for false alarm rate, F(1,26) � 16.72, P � 0.001, �2 � 0.39,
indicated more false alarms for aversive (M � 0.35, SD � 0.24) than
neutral (M � 0.20, SD � 0.19) pictures. The only other effect was
for memory session in the MANOVA on hit rate, F(1,26) � 7.41, P �
0.01, �2 � 0.22, with more hits at time 1 than time 2.

A key variable contributing to emotional memory is arousal. In
fact, a common strategy in previous neuroimaging research on
emotional memory has been to categorize stimuli by subjects’
arousal ratings of the presented stimuli (13, 14, 20, 21). A valence
(aversive, neutral) � sex (male, female) � memory session (time 1,
time 2) multivariate ANOVA revealed a valence main effect,
F(1,27) � 133.94, P � 0.001, �2 � 0.83, with aversive pictures (M �
4.09, SD � 1.11) rated as more highly arousing than neutral pictures
(M � 1.40, SD � 1.02). There were no other significant main effects
or interactions.

Activation for the Anticipation of and Response to Aversive Pictures.
Replicating our previous work (24), both bilateral dorsal amygdala
and anterior hippocampus demonstrated greater activation to the
aversive trials than neutral trials (Fig. 1; see Table 1 and Fig. 4,
which are published as supporting information on the PNAS web
site), as indicated by the valence main effect for a period (antici-
pation, picture) � valence (aversive, neutral) whole-brain voxelwise
ANOVA (P � 0.05, corrected). Post hoc t tests comparing aversive
and neutral conditions in bilateral dorsal amygdala and anterior
hippocampus for the anticipation and picture periods separately
revealed more activation for the aversive than neutral anticipation
period (all P values �0.006, except for the left dorsal amygdala, P �
0.09) and picture period (all P values �0.001). Additional areas
activating more for the anticipation of and response to aversive
pictures were similar to those found by Nitschke et al. (24) and are
not central to present hypotheses for emotional memory.

Relationship Between Brain Activation and Memory. To determine
whether the amygdala was specifically associated with recognition
of the aversive pictures, whole-brain voxelwise regressions were run

for immediate (time 1) and delayed (time 2) recognition memory.
Recognition was regressed on the difference between activation to
the aversive condition and activation to the neutral condition for the
anticipation and picture periods separately. Greater ventral amyg-
dala activation during the picture period correlated with delayed
recognition of the aversive pictures on both the right, r � 0.79, P �
0.001, and the left, r � 0.83, P � 0.001 (Figs. 2 and 4 and Table 1;
see Fig. 5, which is published as supporting information on the
PNAS web site).

In addition, the bilateral dorsal amygdala and anterior hippocam-
pus activations to aversion found for the voxelwise ANOVA valence
main effect were correlated with immediate and delayed recogni-
tion of the aversive pictures. Greater aversive than neutral activa-
tion was calculated by subtracting activation to the neutral condition
from activation to the aversive condition in the statistically defined
regions of interest (ROIs) for each period on a single subject basis.
Greater bilateral dorsal amygdala and anterior hippocampus acti-
vations both in anticipation of and response to the aversive pictures
were correlated with better recognition of the aversive pictures
directly after the scan (Fig. 3A; see Table 2, which is published as
supporting information on the PNAS web site). Moreover, hierar-
chical regressions revealed that activation during the anticipation
period showed unique associations with immediate memory, ac-
counting for 9–20% of variance in Pr (18–25% of variance in d�)
beyond the variance explained by activation during picture viewing
across the bilateral dorsal amygdala and hippocampus ROIs. In
addition, further analyses revealed a reliable dissociation between
the dorsal and ventral amygdala activations predicting memory.
Anticipatory activation in the left dorsal amygdala (r � 0.74, P �
0.004) showed a stronger correlation than the left ventral amygdala
(r � 0.32, P � 0.28) with immediate memory for Pr, t(10) � 1.78, P �
0.11 (for d�, t(10) � 2.33, P � 0.04). Conversely, for picture viewing,
ventral amygdala activation showed stronger correlations with
delayed memory than dorsal amygdala activation on the right,
t(14) � 3.07, P � 0.008, and the left, t(12) � 2.63, P � 0.02. Two weeks
after the scan, bilateral anterior hippocampus and right dorsal
amygdala activation during the picture period were moderately
correlated with better recognition of the aversive pictures (Fig. 3B;

Fig. 1. Dorsal amygdala and anterior
hippocampus activation during both the
anticipation of and response to aversion.
Circled bilateral dorsal amygdala (A) and
bilateral anterior hippocampus (B) re-
gions showed greater activation for aver-
sive than neutral trials across anticipation
and picture periods. For each brain im-
age, all colored areas showed a valence
main effect for the whole-brain period �
valence ANOVA (P � 0.05, corrected; Ta-
ble 1). Orange areas also showed greater
activation for aversive than neutral trials
during the anticipation period but not
the picture period (aversive–neutral con-
trasts as indicated by corresponding
whole-brain t tests, P � 0.05, corrected).
In contrast, purple areas also showed
greater activation for aversive than neu-
tral trials during the picture period but
not the anticipation period (aversive–
neutral contrasts, as noted above). Yel-
low areas showed greater activation for
aversive than neutral trials for the va-
lence effect and for the aversive–neutral
contrast for each period, whereas green
areas for the valence main effect did not
meet the P � 0.05 (corrected) threshold
for either contrast. The view of both brains is indicated by the relevant Talairach coordinate. Time series plots of the circled clusters illustrate average percentage
signal change across all time points of the aversive (red) and neutral (blue) trials. The onset of the picture (P) occurred 6–10 s after offset of the warning cue (W).
Error bars for time series plots are for confidence intervals (63) around the mean after adjusting for between-subject variance (64). R, right; L, left.
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see Table 3, which is published as supporting information on the
PNAS web site).

Sex Differences in Relationship Between Brain Activation and Mem-
ory. To test for sex differences, correlations were run separately for
women and men by using the statistically defined bilateral dorsal
amygdala, ventral amygdala, and anterior hippocampus clusters
from the aforementioned whole-brain analyses. The only sex dif-
ferences observed were in the ventral amygdala for picture viewing.
Delayed recognition of the aversive pictures for women was asso-
ciated primarily with left ventral amygdala activation in response to
the aversive pictures, whereas delayed recognition of the aversive
pictures for men was associated primarily with right ventral amyg-
dala activation in response to the aversive pictures (Figs. 2 and 5).
To assess laterality, t tests compared the correlations for the left and
right clusters. For women, the correlation with the left ventral
amygdala (r � 0.75, P � 0.03) was greater than with the right ventral
amygdala (r � �0.48, P � 0.19), t(5) � 5.44, P � 0.003. For men,
the correlation with the right ventral amygdala (r � 0.87, P � 0.005)
was greater than with the left ventral amygdala (r � �0.50, P �
0.256), t(4) � 4.76, P � 0.008. Removing extreme values does not
alter the patterns observed (62). Corresponding correlations for
ventral amygdala activation in response to the neutral pictures were
not significant (r values between �0.22 and 0.22, all P values �0.60).

We also conducted exploratory whole-brain voxelwise regres-
sions (P � 0.01, uncorrected) for recognition memory separately
for women and men. There was a correlation between women’s
delayed recognition of the aversive pictures and left ventral
amygdala activation only (r � 0.93, P � 0.001) and between
men’s delayed recognition of the aversive pictures and right
ventral amygdala activation only (r � 0.95, P � 0.001). Laterality
differences between the sexes were not observed for dorsal
amygdala or anterior hippocampus associations with memory for
the anticipation or picture periods (Tables 2 and 3), although
statistical power for detecting sex effects was compromised by
the small cell sizes (n values range from 5 to 9).

Interrelationships Among Amygdala and Hippocampal Areas. The
bilateral dorsal amygdala and bilateral anterior hippocampus acti-
vations identified in the whole-brain ANOVA and the bilateral
ventral amygdala activations observed in the whole-brain regres-
sions were correlated with one another, similar to findings in a
recent report (16). Consistently positive correlations were observed
both within and across hemisphere and both within and across the
anticipation and picture periods (Table 4, which is published as
supporting information on the PNAS web site).

Discussion
This study found that the anticipation of aversion resulted in
bilateral activation of the dorsal amygdala and anterior hippocam-
pus that was associated with subsequent memory. The presentation
of a simple warning cue instigated amygdala and hippocampus
memory-related processes that preceded exposure to the picture
that is remembered. Anticipatory activity in the dorsal amygdala
and anterior hippocampus predicted immediate but not delayed
memory of aversive pictures, whereas activity in those regions when
viewing the pictures predicted memory at both intervals. Moreover,
the anticipatory activity predicted better immediate memory above
and beyond the associations for viewing the pictures. In addition,
ventral amygdala activity when viewing the pictures, but not in
anticipation of them, was associated with delayed memory only.

Present results replicate our prior findings (24) that the antici-
pation of and response to aversion activates the amygdala and
hippocampus, consistent with the idea that the brain mechanisms
recruited upon exposure to aversion also are recruited in anticipa-
tion of aversion (26, 43). A large corpus of work has pointed to the
critical role of the dorsal amygdala in threat detection and vigilance
(24, 44, 65, 66). The dorsal amygdala activation found here, and in
previous work in our laboratory (24), likely reflects the adaptive
benefit of increased attention when preparing for imminent aver-
sive circumstances (2, 3, 7, 24, 26, 44). In relating the dorsal�ventral
distinction to the amygdala nuclei (47, 67), the CeA is by far the
most prominent nucleus in the dorsal amygdala, whereas the ventral
amygdala is predominantly composed of the BLA. Rodent work has

Fig. 2. Ventral amygdala activation cor-
related with subsequent memory perfor-
mance. Activation in circled left and right
ventral amygdala regions was correlated
with recognition 2 weeks after scanning
(time 2). Whole-brain regressions at P �
0.05 (corrected) of recognition on the
contrast comparing aversive to neutral
pictures revealed that increased activa-
tion to the aversive pictures was associ-
ated with better recognition of the aver-
sive pictures. The scatter plot for each
circled cluster shows the relationship of
recognition memory to activation for the
aversive–neutral contrast used for the
whole-brain regressions to identify these
ventral amygdala areas. The scatter plots
under the brain images for women and
men separately show the relationship of
recognition memory to activation for
aversive pictures only, the metric used in
previous neuroimaging studies showing
sex differences in amygdala memory
function (14, 15, 21). Description for
brain images and time series plots is the
same as provided in Fig. 1 legend. For
right ventral amygdala cluster, n � 17 (9
women). For left ventral amygdala clus-
ter, n � 15 (8 women) because of signal
loss for two subjects (see Supporting
Methods, which is published as supporting information on the PNAS web site). Ventral amygdala correlations for d� were highly similar to those shown
here for Pr (see Fig. 5).
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demonstrated that the CeA receives input from the basal nucleus,
hippocampus, and sensory cortices (68). For the aversive pictures
and the visual cues that precede them, the most likely pathway of
afferent information is into the lateral nucleus, then to the basal
nucleus, and finally to the CeA, with additional information coming

from visual areas. Although both the BLA and hippocampus
project to the CeA, these connections are not reciprocal (68),
whereas those with primary and secondary visual cortices are (69).
Direct projections to sensory cortices likely contribute to the impact
of aversion in enhancing attention and perception (2, 3, 7, 39, 51,
52). In addition, prior work indicates that efferent projections from
the CeA to the basal forebrain and eventually to the prefrontal
cortex via the cholinergic system may lead to increased perceptual
attention (5, 46, 70) and, in turn, influence selective attention and
vigilance for threatening stimuli (25, 44). Consistent with our
findings for immediate memory, increased recruitment of these
areas via dorsal amygdala activation both in anticipation of and
response to aversion may reflect enhanced attention to and sub-
sequent encoding of the aversive pictures.

In accord with recent neuroimaging studies implicating the
ventral amygdala in the consolidation of emotional memories in
humans (13–23), we found increased bilateral ventral amygdala
activation in response to the aversive pictures was correlated with
better delayed memory for the aversive pictures. Accruing evidence
indicates that interactions between the amygdala and hippocampus
are critical for enhancing emotional memory (2–7, 12, 16, 18).
McGaugh (5) proposed a modulation hypothesis stating that the
BLA enhances emotional memory by modulating the activity of
other medial temporal lobe structures, especially the hippocampus,
via �-adrenergic projections activated within the amygdala by
norepinephrine release from the adrenal medulla and glucocorti-
coids (e.g., cortisol and corticosterone) from the adrenal cortex (31,
71). An extensive and elegant body of nonhuman animal work
detailing amygdala connections has shown that the BLA, particu-
larly the basal nucleus, has stronger connections with the hippocam-
pal formation than any other nuclei (68). Modulation of the
hippocampus by the BLA enhances consolidation of the emotional
material, both at an initial stage of consolidation and continually
through long-term potentiation via reciprocal connections between
the BLA and hippocampus (5, 6, 72). Finally, evidence here that
hippocampal recruitment in anticipation of and response to aver-
sive pictures are associated with subsequent memory recognition of
those pictures is consistent with prior work establishing its role in
both encoding (16, 73, 74) and consolidation (4, 5, 75).

Testing sex differences revealed that left but not right ventral
amygdala activation when viewing aversive pictures was associated
with delayed memory of those pictures in women, whereas the
converse pattern of right but not left activation was associated with
delayed memory in men. In addition to replicating prior reports of
this sex difference in samples with both sexes (14, 15, 21), this
pattern is consistent with findings from studies on female humans
only (19, 20) and male rats only (76). Addressing the specificity of
sex differences in amygdala memory function, sex differences were
not observed for the dorsal amygdala, anticipatory activation, or
immediate memory. Future research, including neuroimaging stud-
ies with large samples for both men and women, is needed to further
characterize the boundaries of lateralized sex differences in emo-
tional memory and to determine whether these sex differences are
related to consolidation processes or other factors (2, 15).

A key conceptual issue that warrants attention is the fact that
recent studies examining emotional memory have focused on the
highly arousing nature of emotional stimuli or experimental con-
texts as the key component contributing to enhanced memory
(13–23, 31, 77–79). Several studies have demonstrated that the
highly arousing nature of emotional stimuli and not their unpleasant
valence, as self-reported by subjects, promotes enhanced emotional
memory (16, 22, 77, 80). Using established norms (81), our study
used aversive pictures selected to be highly arousing and highly
unpleasant. Subjects invariably rated the aversive pictures as more
arousing than the neutral pictures, with no sex differences. Two
studies on emotional memory that reported sex differences for
arousal ratings used only pictures rated as most highly arousing
(15, 21).

Fig. 3. Dorsal amygdala and anterior hippocampus correlated with subse-
quent memory performance. (A) Example scatter plots of correlations be-
tween activation during aversive trials in the dorsal amygdala and anterior
hippocampus clusters shown in Fig. 1 and recognition of the aversive pictures
directly after the scan (time 1, n � 13). (Left) Plots demonstrate correlations
between activation during the anticipation of aversive pictures and immedi-
ate memory for the aversive pictures. (Right) Plots demonstrate correlations
between activation in response to aversive pictures and immediate memory
for aversive pictures. Plots are, from top to bottom, right dorsal amygdala, left
dorsal amygdala, right anterior hippocampus, and left anterior hippocampus.
(B) Example plots of correlations between activation in response to aversive
pictures for the right and left anterior hippocampus shown in Fig. 1 and
recognition of the aversive pictures 2 weeks after scanning (Time 2, n � 17).
As indicated in Tables 2 and 3, correlations for d� were highly similar to those
shown here for Pr.
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In conclusion, anticipatory activity in the amygdala and hip-
pocampus plays a central role in emotional memory. Building on
prior human research on emotional memory that has often con-
founded the effects of attention, encoding, and consolidation, a
recent report found that postencoding emotion enhanced consol-
idation of neutral memoranda (78, 79). Findings here highlight that
attention-related anticipation and encoding processes of the dorsal
amygdala make a contribution to emotional memory that is distinct
from consolidation processes modulated by the ventral amygdala.
Our results also suggest that lateralized sex differences are specific
to ventral amygdala and memory consolidation. Understanding the
dual functioning of the amygdala and hippocampus in aversion and
emotional memory may improve our clinical understanding of the
multiple cognitive�affective abnormalities identified in people with
anxiety and mood disorders, especially those involving emotional
memory (e.g., traumatic memories and memory biases) and exhib-
iting sex differences. Future research examining activation of the
amygdala and hippocampus in people with anxiety and mood
disorders (65, 82–84) may better inform the role of emotional
memory in the pathophysiology of these disorders.

Experimental Procedures
Subjects. Subjects were 40 right-handed healthy undergraduate
students (18 women and 22 men; M � 20.65, SD � 1.53) who
responded to flyers posted in campus buildings at the University of
Wisconsin-Madison. They were free of any medical or neurological
problems, took no medications, and had no current psychiatric
diagnoses. All subjects gave informed consent in accord with study
approval by the Human Subjects Committee of the University of
Wisconsin Medical School and were paid for their participation.

Experimental Design and Stimuli. As shown in Fig. 6, which is
published as supporting information on the PNAS web site, each
trial consisted of a warning cue (‘‘X,’’ circle, or question mark)
presented for 1 s, followed by a black screen presented for 6, 7, 8,
9, or 10 s. Each trial then continued with the presentation of an
aversive or neutral picture for 1 s and another black screen
presented for 6, 7, 8, 9, or 10 s. For aversive trials, an X cue always
was followed by an aversive picture. For neutral trials, a circle was
always followed by a neutral picture. For ambiguous trials, a
question mark was followed by either an aversive or neutral picture.
Subjects were instructed regarding this cue-picture pairing before
scanning. All warning cues were white and presented on a black
background and were geometrically similar. Trial order was pseu-
dorandomized, with the stipulation that no trial type (aversive,
neutral, or ambiguous) be presented more than twice in a row. Trial
length varied from 14 to 22 s, with an average trial length of 18 s.
The intertrial interval (ITI) was randomized after both the warning
cue and picture presentation. Using a variable ITI for both epochs
allowed for better separation and estimation of the hemodynamic
response for both the anticipation and response periods.

There were three functional runs, each consisting of eight
aversive trials, eight neutral trials, and eight ambiguous trials. Each
functional scan began with a 30-s black screen, resulting in scan
lengths of 8:52, 9:00, and 8:46, respectively. Using a response box
during the fMRI experiment, subjects were instructed to push a
button after each cue and after each picture. Subjects were in-
structed to press a different button if they saw a square in place of
the cue or picture. There were two trials with a square in the first
functional run, three in the second run, and two in the third run.
These trials were used to help maintain subjects’ attention to the cue
and picture stimuli and were excluded from analyses.

During the fMRI experiment, subjects viewed 75 pictures (three
on trials with a square in place of the cue) from the International
Affective Picture Set (81) at a resolution of 800 � 600 pixels, with
no picture being shown more than once. Of the remaining 72
pictures, 36 were aversive (24 for aversive trials and 12 for ambig-
uous trials) and 36 were neutral (24 for neutral trials and 12 for

ambiguous trials). Based on published norms (81), pictures with the
most unpleasant valence ratings and highest arousal ratings com-
prised the aversive set, which primarily included photographs of
mutilated bodies and attack scenes. Neutral pictures (e.g., house-
hold items) selected had neutral valence ratings and low arousal
ratings.

Directly after the scan, half of the subjects completed a surprise
recognition task. All subjects completed a surprise recognition task
2 weeks after the scan. Subjects completing the recognition task
directly after the scan were the time 1 group (n � 20, 13 men and
7 women), and their data from the second recognition task were not
included. Subjects completing the recognition task only 2 weeks
after the scan were the time 2 group (n � 20, 9 men and 11 women).
Four subjects were dropped from analyses: two women (one from
time 1 and one from time 2) because of technical difficulties with
fMRI data acquisition, one man from time 1 because of excessive
movement, and one man from time 1 on account of failure to follow
task instructions. Resultant sample sizes for fMRI analyses were 17
(11 men and 6 women) for the time 1 group and 19 (9 men and 10
women) for the time 2 group. One woman from time 2 was dropped
from all memory analyses because of insufficient memory data.
Five additional subjects (three men from time 1, one woman from
time 1, and one man from time 2) were dropped from all memory
analyses and arousal rating analyses because of insufficient data for
the arousal ratings described below. These subjects were dropped
to make our results comparable with previous neuroimaging studies
on emotional memory that have categorized pictures according to
subjects’ arousal ratings of the pictures (13–22). Resultant sample
sizes for all analyses involving memory data were 13 (8 men and 5
women) for the time 1 group and 17 (8 men and 9 women) for the
time 2 group.

For the recognition task, subjects were escorted to a small room
with a computer and informed that they would be seeing a series of
pictures similar to those seen during the experimental scanning
session. Subjects were instructed to press a ‘‘Y’’ if they recognized
the picture from the scan and an ‘‘N’’ if they did not recognize the
picture from the scan. Each picture was followed by 7-point rating
scales for valence (0, unpleasant; 3, neutral; 6, pleasant) and arousal
(0, low; 6, high). Subjects responded to each scale by pressing the
corresponding number key. There was no time constraint on
subjects’ responses. Text and scales were in white font with a black
background, and pictures were again 800 � 600 pixels.

Subjects saw a total of 72 pictures during the recognition task,
with 48 pictures from the scan (12 aversive pictures from aversive
trials, 12 aversive pictures from ambiguous trials, 12 neutral pictures
from neutral trials, and 12 neutral pictures from ambiguous trials)
and 24 novel pictures (12 aversive and 12 neutral). All subjects saw
the same pictures in the recognition task, but the conditions that the
pictures came from varied across subjects to eliminate effects due
to specific pictures. Three different versions for each of the func-
tional runs were created, such that each aversive picture was in an
aversive trial, ambiguous trial, or shown as a novel picture in the
recognition task. Similarly, each neutral picture was in a neutral
trial, ambiguous trial, or shown as a novel picture in the recognition
task. The three versions were counterbalanced across subjects. For
the recognition task, picture order was randomized, and pictures
were selected equally from all three runs. For the purposes of this
report, memory and fMRI data for the ambiguous trials were not
analyzed because they address different theoretical and conceptual
questions.

fMRI Data Acquisition and Analysis. Anatomical and functional data
were collected on a General Electric (Waukesha, WI) 3.0 tesla
system by using data-acquisition parameters selected to minimize
signal loss in the amygdala and orbitofrontal cortex, areas vulner-
able to the differential magnetic susceptibility coefficients of bone�
air�tissue boundaries (see Supporting Methods). All fMRI data
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processing was done with Analysis of Functional Neural Images
(AFNI) version 2.41 software (85) (see Supporting Methods).

Initial analyses focused on identifying regions associated with
both anticipating and responding to the aversive as compared with
neutral pictures. A whole-brain voxelwise period (anticipation,
picture) � valence (aversive, neutral) repeated-measures ANOVA
at a threshold of P � 0.005 (uncorrected) identified relevant brain
regions of activation. Using AlphaSim in AFNI, we applied a
correction for multiple comparisons by using Monte Carlo simu-
lations within a region of interest defined by the anatomical
boundaries of the amygdala and hippocampus, the focus of study
hypotheses (24, 85). The spatial correlation of the input data and an
uncorrected P value threshold of 0.005 resulted in a minimum
cluster size of 99 mm3 for this repeated-measures ANOVA to
achieve a corrected mapwise P � 0.05. For statistically defined
clusters meeting this threshold criterion for the valence main effect,
the average percentage signal change value was extracted for each
condition on a single-subject basis. Each subject’s average percent-
age signal change values for the neutral anticipation and picture
periods was subtracted from each subject’s values for the aversive
anticipation and picture periods. These absolute and difference
values were subsequently correlated with recognition of the aver-
sive pictures both at time 1 and time 2.

Additionally, whole-brain voxelwise regressions for recognition
data on activation during the anticipation and picture periods were
run at a threshold of P � 0.005 (uncorrected). The aforementioned
procedure by using Monte Carlo simulations to correct for multiple

comparisons resulted in a minimum cluster size of 81 mm3 for this
regression analysis to achieve a corrected mapwise P � 0.05.
Separate regressions were conducted for each period, memory
metric (Pr and d�), and memory session (time 1 and time 2).
Whole-brain data were composed of the difference between acti-
vation to the respective aversive and neutral condition.

Analysis of Behavioral Data. Recognition was calculated by using two
separate metrics, Pr and d� (see Supporting Methods). Calculations
were computed for both recognition measures because although
previous neuroimaging studies on emotional memory have used Pr,
no neuroimaging study to date has been able to calculate d� because
of experimental restraints. Further, Cahill et al. (15) called for the
use of d� in future neuroimaging research on recognition memory.
All analyses for the memory and arousal rating data were con-
ducted at an � level of 0.05. Two-tailed tests were used throughout,
including for the directional hypotheses that amygdala and hip-
pocampus activation would predict better memory for aversive
pictures.
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