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Research

Immediate memory consequences of the effect
of emotion on attention to pictures

Deborah Talmi,'** Adam K. Anderson,’ Lily Riggs,'-* Jeremy B. Caplan,?

and Morris Moscovitch'-2

"University of Toronto, Toronto, Ontario M5S 3G3, Canada; ?Rotman Research Institute, Baycrest Centre, Toronto,

Ontario M6A 2E1, Canada

Emotionally arousing stimuli are at once both highly attention grabbing and memorable. We examined whether
emotional enhancement of memory (EEM) reflects an indirect effect of emotion on memory, mediated by enhanced
attention to emotional items during encoding. We tested a critical prediction of the mediation hypothesis—that
regions conjointly activated by emotion and attention would correlate with subsequent EEM. Participants were
scanned with fMRI while they watched emotional or neutral pictures under instructions to attend to them a lot or a
little, and were then given an immediate recognition test. A region in the left fusiform gyrus was activated by
emotion, voluntary attention, and subsequent EEM. A functional network, different for each attention condition,
connected this region and the amygdala, which was associated with emotion and EEM, but not with voluntary
attention. These findings support an indirect cortical mediation account of immediate EEM that may complement a

direct modulation model.

The viewing of a gruesome roadside accident is at once emotion-
ally arousing, highly attention-grabbing, and memorable. The
experiential, cognitive, and neurohormonal impact of an emo-
tional stimulus is thought to be an adaptive reflection of its evo-
lutionary significance. The inherently interdependent nature of
these processes adds to the challenge of understanding the un-
folding of events following the perception of an emotional
stimulus. As such, the parallel enhancing effects of emotion on
attention and memory are difficult to separate both in nature
and under laboratory conditions.

Evidence from a variety of sources shows that when both
emotional and neutral items compete for processing resources,
emotion is able to bias the competition (Desimone and Duncan
1995) so that emotional items receive priority, garnering the
greater share of available resources (for review, see Vuilleumier
2005; Vuilleumier and Driver 2007). For example, emotion
modulates the attentional blink (Anderson and Phelps 2001;
Anderson 2005), impairs concurrent task performance in di-
vided-attention paradigms (Kensinger and Corkin 2004; Schim-
mack 2005; Thomas and Hasher 2006; Talmi et al. 2007) and
slows down font-color naming in the Stroop task (Pratto and
John 1991; Algom et al. 2004; Hadley and Mackay 2006).

In addition to the effect of emotion on attention, emotion
also has an enhancing effect on memory (for reviews, see Cahill
and McGaugh 1998; Dolan 2002; LaBar and Cabeza 2006), which
we refer to as emotional enhancement of memory (EEM). This
functional correlation between the emotional influences on at-
tention and memory is consistent with the underlying neuro-
anatomy, because the amygdala has a central role in both pro-
cesses. Studies with amygdala-lesioned patients have shown that
the amygdala is crucial both to enhanced attention to emotion-
ally significant events (Anderson and Phelps 2001; Vuilleumier et
al. 2004) and to later memory for these events (Cahill et al. 1995;
LaBar and Phelps 1998; Phelps et al. 1998; Richardson et al. 2004;
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Adolphs et al. 2005). Similarly, functional imaging studies of
emotion and attention have consistently linked amygdala acti-
vation during emotional item encoding with enhanced process-
ing of these items (e.g., Morris et al. 1998, 1999; Vuilleumier et al.
2001b, 2004), and studies of emotion and memory have linked
amygdala activation at encoding with subsequent EEM (e.g.,
Canli et al. 2000, 2002; Cahill et al. 2001, 2004b; Dolcos et al.
2004; Kensinger and Corkin, 2004). Because allocation of atten-
tion improves subsequent memory regardless of emotionality
(Craik et al. 1996), the demonstrated correlation between amyg-
dala activation at encoding and subsequent EEM could be due, at
least partly, to the amygdala’s role in enhancing the amount of
attention allocated to emotional events during initial encoding,
which then causes EEM. In line with these findings, the attention
mediation hypothesis of EEM (noted by Cahill and McGaugh
1998, and developed in Hamann 2001) proposes that EEM is at
least partly dependent on the extra attention given to emotional
items at encoding.

The proposal that the well-documented enhanced attention
to emotional items has memory consequences has not been sup-
ported. Instead, previous research has provided evidence that
emotion has parallel effects on attention at encoding and on
memory formation. Behavioral studies show that recall and rec-
ollection of emotionally arousing items, relative to nonarousing
ones, do not suffer as much from division of attention at encod-
ing (Kensinger and Corkin 2004; Kern et al. 2005; Talmi et al.
2007). Moreover, the greater allocation of attention toward nega-
tive emotional items when attention was divided did not account
significantly for the relatively preserved emotional memory
(Talmi et al. 2007). However suggestive this behavioral evidence
is for separate effects of emotion on attention and memory for-
mation, at present there has been no direct examination of the
neural systems supporting these processes to assess whether they
interact or are dissociable.

A large number of studies show that emotion can enhance
activity in occipital and inferotemporal sensory processing re-
gions, in a manner similar to that of top-down attention (e.g.,
Lang et al. 1998; Bradley et al. 2003; Sabatinelli et al. 2007).
Studies that manipulated both attention and emotion to visually
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presented stimuli, and found overlapping activations, support
the notion that the functional role of this enhanced signal is to
improve processing of visual input (Lane et al. 1999; Vuilleumier
et al. 2001a, 2004; Keil et al. 2005; Schupp et al. 2007), and Canli
et al. (2000) showed a correlation of EEM and activation in ex-
trastriate regions—the fusiform and inferior temporal gyri. In ad-
dition to inferotemporal regions, emotion and attention were
also found to activate conjointly parietal sources localized in
event-related potentials (ERP) and steady-state visual evoked po-
tentials studies (Keil et al. 2005; Schupp et al. 2007). However,
none of these studies conjointly manipulated attention and emo-
tion to examine their mutual or independent effect on subse-
quent memory. The current study uses functional magnetic reso-
nance imaging (fMRI) to examine this question.

Emotion has been shown to influence memory through a
different mechanism, independently from its putative influence
on memory via attention. According to the modulation model of
EEM (Cahill and McGaugh 1998; McGaugh 2004), memory for
emotional events is better than memory for neutral events be-
cause the long-term consolidation of emotional memory traces is
better than the consolidation of neutral traces. The modulation
model emphasizes the importance of emotional arousal in acti-
vating the basolateral nucleus of the amygdala, which then di-
rectly modulates memory, a process that is postulated to be in-
dependent of the additional influence emotion also exerts on the
allocation of resources at encoding. This model accounts for the
finding that when attention to emotional and neutral items was
equated, EEM was not found in an immediate memory test, but
appeared in a delayed memory test (Sharot and Phelps 2004).
Similarly, the effect of post-encoding amygdala stimulation, and
of local infusions of pharmacological agents that influence nor-
adrenergic function—both manipulations that enhance memory
in rats in the one-trial avoidance paradigm (e.g., Bianchin et al.
1999; for review, see McGaugh 2004)—also cannot be attributed
to attentional differences at encoding. Importantly, post-
encoding modulation of arousal has also shown robust effects on
memory consolidation in humans (Cahill and Alkire 2003; Cahill
et al. 2003; Anderson et al. 2006). These findings provide ample
evidence for the modulation model of EEM.

The duration of the delay required for modulatory effects of
consolidation to appear in human data are currently a matter of
debate, a point we take up in the discussion section. For now, we
note that the bulk of the evidence suggests that immediate
memory tests minimize differential consolidation effects on EEM
(e.g., Bianchin et al. 1999; Izquierdo et al. 2002; Sharot and
Phelps 2004), thereby highlighting the potential explanatory
role that mediation via attention may play in accounting for the
pattern of immediate EEM data. Therefore, in order to test the
hypothesis that EEM is attentionally mediated, the present study
examined memory immediately. Clearly, however, although
these two routes for the effect of emotion on memory—directly
through consolidation, and putatively, indirectly through atten-
tion—are distinct, they are not mutually exclusive.

The primary goal of the present experiment was to examine
a central prediction of the attention mediation hypothesis of
EEM, namely, that regions associated with enhanced attention
allocation to emotional pictures during encoding would also be
associated with subsequent EEM. To examine this prediction we
scanned participants with fMRI while they viewed briefly pre-
sented negative emotional and neutral items under “high-
attention” or “low-attention” conditions (Pinsk et al. 2004). In
the “low-attention” condition, participants simply had to press a
key whenever a picture appeared, while in the “high-attention”
condition, they performed a task requiring greater attentional
allocation, deciding which side of the picture had more informa-
tion. Recognition memory was tested after a short study test in-
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terval (10-min). The results corresponded to the prediction of the
attention mediation hypothesis: EEM was correlated with activa-
tions associated with increased attention to emotionally arousing
pictures in the fusiform gyrus.

Results

Behavioral results

Encoding reaction times

Median reaction times were analyzed with a 2 (attention: high,
low) X 3 (picture type: intact emotional, intact neutral,
scrambled) repeated measures ANOVA. As expected, participants
were slower in the high-attention relative to the low-attention
condition, (F(,10y = 63.76, P <0.001). None of the other effects
was significant (see Table 1). Because of the inherent latency
differences in the two attention conditions, we included analysis
of the attention effects that regressed out “time on task” (see
below).

Memory performance

Corrected recognition (hits-false alarms) scores were analyzed
with a 2 (attention: high, low) X 2 (picture type: intact emo-
tional, intact neutral) repeated measures ANOVA (see Fig. 1). Rec-
ognition memory was greater for emotional relative to neutral
pictures, consistent with EEM, and greater for high- relative to
low-attention conditions, consistent with successful manipula-
tion of attention during encoding. The significant main effects
of picture type (F4 10, = 23.12, MSE = 0.007, P < 0.001, 2 = 0.70)
and of attention (F; 10, = 17.74, MSE = 0.011, P < 0.01, 2 = 0.64)
were qualified by a significant interaction, (F( 0y = 5.02,
MSE = 0.004, P < 0.05, m2 = 0.33), due to a larger EEM under low
than under high attention. Planned paired t-tests showed that
both neutral pictures (0, = 3.76, P <0.01) and emotional pic-
tures (0, = 3.89, P <0.01) benefited from high attention. The
difference between overall recognition of emotional and neutral
items was significant under low attention (t,o, = 6.25, P < 0.001)
but was only present as a trend under high attention (¢, = 2.12,
P =0.06). A similar pattern was found when only the “sure”
(highly confident) memory responses were taken into account
(emotion: F; 10, = 19.34, MSE = 34.76; P < 0.001, n2 = .66; atten-
tion: F(; 19y = 18.13, MSE = 11.55, P < 0.01, 02 = 0.64; and a trend
for the interaction between them, F ;o, = 3.90, MSE = 8.42,
P =0.08, n2 = .28). The interaction between picture type and at-
tention replicates prior behavioral work demonstrating more
pronounced EEM during conditions of diminished volitional at-
tention (Kensinger and Corkin 2004; Talmi et al. 2007).

Sex and gender differences

Following Cahill et al. (2004a), gender was determined using
the BEM Sex Role Inventory. One participant had an “undif-
ferentiated” gender and was excluded from this analysis. Neither
sex nor gender had any main effects or interactions with the
behavioral memory results.

Table 1. Encoding latencies in milliseconds as a function of
attention condition and picture type

Picture type

Attention

condition Scrambled Neutral Emotional
Low attention 396 (46) 404 (53) 394 (55)
High attention 667 (122) 669 (124) 666 (108)

Values represent means, with standard deviation in parentheses.
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Imaging results

Experimental contrasts

Conjoint activation for emotion and attention could be exam-
ined with a formal conjunction analysis of their main effect, but
we argue that the spatial overlap of the simple effects of emotion
under low attention, and attention for neutral pictures only, op-
erationalizes these variables more precisely. Regions involved in
attention were defined according to the contrast high
attention > low attention. This was done separately for the neu-
tral and the scrambled pictures; those activated for neutral pic-
tures defined content-dependent attention, and those activated
for both neutral and scrambled pictures defined content-
independent attention. This allowed for an examination of at-
tention effects to lower-level versus higher-level visual cortical
analysis. Emotional picture trials were not included in the atten-
tion contrasts to enable an unbiased examination of top-down
attention networks independently of emotion effects on atten-
tion. Regions involved in emotion were defined according to the
contrast emotion > neutral, within low-attention blocks only.
We confined ourselves to the simple effect of emotion under low
attention: (1) to examine how emotion influences processing
independently of top-down attention effects, (2) because previ-
ous studies have shown that the effect of emotionality on the
amygdala is often reduced when participants are engaged in a
demanding cognitive orienting task such as ours (Critchley et al.
2000; Hariri et al. 2000; Adolphs 2002; Lieberman et al. 2007),
and (3) because EEM is more pronounced under low attention
(Kensinger and Corkin 2004; Talmi et al. 2007), as replicated in
the present study. The spatial overlap of these simple effects of
attention and emotion-defined regions that were responsive
both to top-down attention demands and to bottom-up emo-
tional content; we propose that the overlapping regions are in-
volved in attentional enhancement of emotional picture process-
ing. We separately conducted a formal conjunction analysis of
the main effects of emotion and attention, which is not reported
here for brevity; this analysis replicated the critical findings we
report below. Finally, regions involved in EEM were those signifi-
cantly activated in the interaction between picture type (intact
emotional, intact neutral) and memory performance (hits,
misses), and in which the emotional difference due to memory
(Dm) was higher than the neutral Dm.

Attention

Table 2, lists regions involved in attention. Content-independent
attention was associated with bilateral activations in the ex-
trastriate visual cortex, extending to the cuneus and precuneus,
fusiform gyrus, superior parietal lobule, including the intrapari-
etal sulcus, middle frontal gyrus, including the frontal eye fields,
and left inferior parietal lobule (see Fig. 2). Regions associated
with attending to neutral pictures (content-dependent attention)
included additional bilateral activations in inferotemporal re-
gions, parahippocampal place area (Epstein and Kanwisher
1998), posterior cingulate gyrus, and caudate. Comparing these
results with the results of the same attention contrast, but from
a model that regressed out reaction times, showed that activa-
tions associated with contentent-dependent attention to neutral
pictures were not crucially dependent on differential latencies
under low- and high-attention conditions. Table 2 also lists re-
gions involved in attention to emotional pictures. We note that
there was no significant amygdala activation in the high- vs.
low-attention contrast, even with a lenient P-value of P = 0.01.

Emotion

Encoding emotional, relative to neutral pictures under low atten-
tion activated bilateral occipital and inferotemporal cortex, the
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Figure 1. Behavioral results. Corrected recognition (hits-FA, in percent,
collapsed across confidence ratings) as a function of emotion and atten-
tion. Recognition was greater for emotional relative to neutral pictures, a
difference larger in the low-attention condition. Error bars represent SE.

right dorsal parietal cortex, and, in the left-hemisphere, the
amygdala, anterior cingulate, inferior frontal gyrus, parahippo-
campal gyrus, and anterior middle temporal gyrus (see Table 3).
Amygdala activation was dorsal, a location corresponding to the
location of the central nucleus. As expected, the difference in
amygdala activation for emotional and neutral pictures was
greater under low- than under high-attention conditions, and
only reached significance under low-attention conditions.

Conjoint activations of attention and emotion

Sensory-processing sites and top-down sources of attention
modulation, which were associated with attention according to
the contrasts specified above, were also associated with emotion.
Emotion and content-independent attention conjointly acti-
vated the bilateral middle occipital gyrus and bilateral fusiform
gyrus, as well as the right dorsal parietal cortex centered on the
intraparietal sulcus (IPS). Emotion and content-dependent atten-
tion conjointly activated additional regions in inferotemporal
cortices (see Fig. 3; Table 4).

EEM

Figure 4 and Table 5 depict regions activated by the contrast of
Dm emotional > Dm neutral (EEM). Figure 4C shows that amyg-
dala activation for emotion and for EEM dissociated spatially, in
that while emotion activated the dorsal amygdala, EEM corre-
lated with more ventral amygdala activation, a location that cor-
responds more closely to the basolateral nucleus of the amygdala.

Conjoint activations of attention, emotion, and EEM

Critically, EEM was correlated with activation in a region con-
jointly activated by content-dependent attention and emotion—
the fusiform gyrus (see Fig. 5), suggesting that enhanced process-
ing of the higher-order content of emotional images supported
their enhanced subsequent memory. Emotion and attention ac-
tivated this cluster additively (F < 1 for the interaction) and to
the same degree (t < 1 for the comparison of the simple effects,
Fig. SB). None of the regions conjointly activated by content-
independent attention and emotion was associated with subse-
quent EEM, even with a lenient threshold (P < 0.05). Finally,
EEM and attention also conjointly activated the right parahip-
pocampal cortex.

Sex and gender differences in the amygdala ROI

A 2 (picture type: emotional, neutral) X 7 (TRs, 2-sec bins from
picture onset) repeated measures ANOVA of Dms was carried out
with sex as a between-subject factor. Analysis of the left amygdala
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Table 2. Regions associated with the simple effects of attention

Talairach
coordinates Spatial
of most extent
Brain region BA Side significant voxel (mm?) t-value
High attention > low attention, for neutral pictures
Precuneus/cuneus/middle 18-19 R-L 34, —82,13 75,661 23.547
occipital/fusiform gyrus/posterior
cingulate/thalamus
Precuneus R 28, —48, 33 190 3.989
Caudate R 21,16,13 198 5.438
Precentral gyrus 6 R 29, —10, 45 832 4.715
45, -1,33 619 5.472
L —27, —11, 48 200 4.211
Superior temporal gyrus 22 R 43, —42, 11 406 6.282
Parahipocampal cortex 28-35 R 30, —13, —22 398 5.101
High attention > low attention, for scrambled pictures
Precuneus, superior parietal lobule 7 R 28, —58,46 13,339 7.894
Cuneus, middle occipital gyrus 19 L -26, —79,28 4640 8.724
—28, —86,13 866 6.517
Fusiform gyrus L —31, —45, -18 3352 14916
R 46, —55, —13 1773 6.099
28, —32, -19 515 8.885
R
Inferior frontal gyrus 6,9 R 47,3, 23 418 6.486
—49, 2,30 352 5.084
Middle frontal gyrus 6 -26, -7, 61 207 4.835
Insula -31,13,2 292 4.876
35,13,0 179 4.196
Medial frontal gyrus —3,18,43 200 4.458
The spatial overlap of high attention > low attention, for neutral
pictures and high attention > low attention, for scrambled pictures
Middle occipital gyrus/cuneus, middle  18/19/7 R 33, —82,14 8770 120.66
temporal gyrus, precuneus, superior
parietal lobule
L -27,-77,26 2694 69.44
-39, —80, 14 823 35.377
Fusiform gyrus/inferior occipital gyrus 19/37 L —32, —46, —18 671 57.13
-39, -79, -5 602 58.26
R 37, —62, =10 565 24.286
27, —43, =17 84 18.118
Inferior parietal lobule 40 L —38, —49, 45 65 17.584
R inferior frontal gyrus 9 R 46, 3, 26 40 19.164
L middle frontal gyrus 6 L —-27, 9,49 26 15.518
High attention > low attention, for emotional pictures
Precuneus, extrastriate visual cortex 7,19 R 16, —59,34 43,319 15.178
L -30, -79,15 39,838 13.04
Inferior frontal/precentral gyrus 6 R 45, 3, 24 1666 7.578
30, —9, 48 513 4.906
L —46,0, 27 1536 8.013
—26, —12,62 1163 6.11
Cingulate gyrus 32 L -7,13,40 1490 7.103
-2,25,26 179 5.212
Caudate R 18, —25, 21 788 4.604
L -6, —21, 20 375 5.532
Thalamus R 9,-3,6 692 4.923
Thalamus, pulvinar R 17, —30,7 254 5.373
Insula R 32,19, 6 631 5.989
L -35,15,5 515 517
1, -27,1 579 5.214
—23,17,15 303 5.837
25, -1,28 291 7.15

The contrasts were defined with a significance threshold of P<0.005 and a cluster threshold of

180 mm3,
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ROI revealed a marginal main effect of
sex (with a higher activation in males,
P =0.06) but no interactions. In the
right amygdala ROI, sex had a marginal
interaction with picture type, P < 0.06.
Upon further analysis, it was determined
that only males showed a marginal ef-
fect of Type (F s, = 4.36, P =0.09).
When Gender was entered instead of
sex, it had no significant main effects or
interactions. Previous reports of sex dif-
ferences in EEM tested memory after a
prolonged delay (a week or more; Cahill
et al. 2001, 2004b; Canli et al. 2002;
Mackiewicz et al. 2006), and Mackiewicz
and colleaugues reported sex differences
in EEM only in the delayed, but not in
the immediate, memory test. Thus, the
absence of marked sex differences in
amygdala response in the present study
may be attributed to the immediate
memory testing as well as to our small
sample size.

Inter-regional interactions

The attention-mediation hypothesis
predicted that emotional picture con-
tent preferentially would recruit the
amygdala to enhance picture processing
in posterior visual-stream areas. The uni-
variate analysis supported this notion,
by showing increased activation relative
to baseline in the left amygdala for emo-
tion, and in the left fusiform region in
the overlap of emotion, attention, and
EEM. However, while the univariate
analysis can only implicate each region’s
activity in its own right, it cannot speak
to their interaction (Horwitz et al. 2000).
The attention-mediation hypothesis
predicts not only coactivation, but also
that the two regions should covary as a
function of the amygdala’s response to
emotion. Functional connectivity analy-
sis provides a test of this more specific
prediction. For this purpose, we used a
second data-analytic approach, seed par-
tial least squares (PLS) (McIntosh et al.
1996; McIntosh and Lobaugh 2004). To
demonstrate a functional connection
between the amygdala and the fusiform,
a connection that is sensitive to the
amygdala’s response to emotion, we
asked whether there was any task condi-
tion in which three seed voxels—in the
left dorsal amygdala, the left fusiform,
and the difference score between the left
amygdala’s response to emotional and
neutral pictures—were functionally con-
nected to the LV. This analysis yielded
two significant latent variables (LVs),
which accounted for 38% (P < 0.001)
and 16% (P < 0.01) of the cross-block co-
variance, respectively. Each LV reflects a
distributed set of brain activity that is
functionally connected to the seeds. The
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Attention to neutral pictures
Attention to scrambled pictures [
Content-independent attention

Figure 2. Regions associated with attention. Regions associated with attending neutral pictures
(yellow), scrambled pictures (pink), and the spatial overlap between these contrasts (green). (A)
Y= —64; the arrowheads point to the intraparietal sulcus. (B) Z = 49; the arrowheads point to the

frontal eye field. (C) Z= —10.

correlations between activity in the seed regions and the net-
work’s activity in the four relevant experimental conditions
(emotional and neutral pictures under high and low attention)
are plotted in Figure 6, with larger correlations reflecting stronger
functional connections. The correlation between activation in
the three seed voxels and the LV was reliable and had the same
sign for the first LV only when participants viewed emotional
pictures under low-attention conditions, and for the second LV
only when they viewed emotional pictures under high-attention
conditions. Interestingly, the first brain LV included the right IPS
region, which was activated for emotion and attention in the
univariate analysis, as well as left anterior temporal cortex, a
region that could mediate the connection of the amygdala and
the IPS (Amaral and Price 1984; Webster et al. 1994; Sereno et al.
2001; Amaral et al. 2003; Price 2003). Notably, the right amyg-
dala was also functionally connected to this LV. The second brain
LV did not include significant parietal or right amygdala activa-
tions. To summarize, the left amygdala and the left fusiform gy-
rus form a functional network for emotional picture processing
that is differentially connected to other brain regions depending
on the attention requirements of the task. Under low attention,
this network also includes the right amygdala and IPS. Thus, the
multivariate results support the stronger prediction of the me-
diation hypothesis, that activity in the fusiform region, detected
in the univariate analysis of emotion, attention, and EEM, would
covary with activity in the amygdala as a function of its response
to emotion.

Discussion
We tested a central prediction of the attention mediation hy-
pothesis of EEM, namely, that regions activated by enhanced
attention allocation to emotional pic-
tures relative to neutral ones would also
support immediate EEM. That partici-

vation in a region within the fusiform gy-
rus, which was associated with emotion-
ally enhanced attention, was correlated
with subsequent EEM.

Activations in top-down sources of
attention—the IPS and frontal regions—
and in sites of attention influence in the
ventral visual object processing stream
(Posner and Driver 1992; Buchel and
Friston 1997; Kastner and Ungerleider
2000; Corbetta and Shulman 2002) were
enhanced by content-independent at-
tention. The content-dependent atten-
tion contrast identified more extensive
activations in ventral processing sites.
Emotional picture content, even when
these pictures were viewed under low at-
tention, activated a subset of these regions: the right IPS and
bilateral ventral visual stream regions, an overlap pattern that
was also identified by Keil et al. (2002), using source localization
of ERP. The spatial overlap in the effect of emotion and attention
on regions responsive to the processing of scenes is in line with
previous findings with positron emission tomography (PET)
(Lane et al. 1999) and ERP (measures of electrocortical responses)
(Keil et al. 2005; Schupp et al. 2007), and is similar to the pattern
of emotion-attention spatial overlap demonstrated for emotional
facial expressions (Vuilleumier et al. 2001a, 2004; Anderson et al.
2003).

Our key finding, in accordance with the attention media-
tion hypothesis of EEM, was that activation in the fusiform gy-
rus, which was associated with enhanced picture processing
when the content of the pictures was emotional, also was asso-
ciated with the memory advantage that these pictures had over
neutral ones in an immediate subsequent memory test. The mul-
tivariate analysis showed that this region and the amygdala were
functionally connected to the same LV. This functional connec-
tion was significant under both high- and low-attention condi-
tions, but explained a larger proportion of the variance under low
attention. Importantly, under both attention conditions, this
functional connection was stronger when the differential re-
sponse of the amygdala to emotion was stronger. These findings
further support the notion that the amygdala’s response to emo-
tion recruits sensory-processing regions to enhance attention to-
ward, and encoding of, emotional items, in line with the amyg-
dala’s documented direct re-entrant connections to the extrastri-
ate cortex (Amaral and Price 1984; Amaral et al. 2003; for a
similar pattern in a study of the effects of pain and attention, see
Bingel et al. 2007). Greater encoding of perceptual information

Table 3. Regions associated with emotion (emotional pictures > neutral pictures, under low

pants paid more attention to emotional ~ attention)

pictures than neutral ones was evi- Talairach

denced, firstly, by the larger behavioral coordinates Spatial

EEM under low attention, and secondly, of most extent  Conjunction

by the stronger signal, under low atten- Brain region BA Side  significant voxel  (mm?) t-value

tion, for emotional than for neutral pic-  pysiform/inferior occipital gyrus 18/19 L —46, —74, —11 15419 11.521

tures, in regions which were function- R 33, —88, —2 8259 9.112

ally identified as associated with con- Middle occipital gyrus 19 L —26, —82, 21 566 4.799

tent-dependent attention pictures. The ?mygdala, substantia i”_nsflnlingta; . Ili oa 19, 822 p g 1;3; g?gg

; ; ~ recuneus, superior parietal lobule , —82, .

ii’zgilno‘;iréagt‘igﬁl;’;lc;gruggsirflwpﬁ_ Middle temporal gyrus 21 L -55,-9,-9 582 5.539
. . ) A Parahipocampal gyrus 36 L -37,-22, 12 508 7.201

tures defined regions associated with nferior frontal gyrus 47 L —38,30, -3 388 5.604

emotionally enhanced attention. The  Posterior cingulate 29 L -8, —47,12 383 5.781

prediction of the attention mediation
hypothesis was supported, in that acti-
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The contrast was defined with a significance threshold of P < 0.005 and a cluster threshold of 180 mm?
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Content-independent attention B
Content-dependent attention

Emotion & content-dependent attention

Emotion
Emotion & content-independent attention

Figure 3. Spatial overlap of attention and emotion. The overlap (pink)
of emotion (red) and content-independent attention (green), and the
overlap (purple) of emotion and content-dependent attention (yellow).
(A) Y= —79; the arrowhead points to the intraparietal sulcus. (B)
X=—47.

may increase mnemonic resolution during the subsequent rec-
ognition memory test.

Only a handful of studies have examined how emotion in-
teracts with sources of attention, because previous studies typi-
cally used paradigms in which attention was required in every
trial (e.g., when the task manipulated the focus of spatial atten-
tion). By manipulating the amount of attention required in each
experimental block, we found activation associated with emo-
tionally enhanced attention in the right IPS, in accordance with
findings from ERP studies. The multivariate analysis showed that
the right IPS, the right and left amygdala, the anterior temporal
cortex, and ventral visual stream regions were functionally con-
nected to the same LV under low- but not high-attention condi-
tions, suggesting that these regions form a functional network
when alternative, volitional attentional
resources are diminished. Intriguingly,
while activation in the amygdala and

tional pictures under limited volitional attention. The possible
role of the dorsal amygdala in attention focusing in this study,
and its functional connection with the fusiform gyrus, are in line
with animal studies that show that the central nucleus is in-
volved in emotion-dependent attention focusing (Gallagher and
Schoenbaum 1999; McGaugh 2004) and with the anatomical re-
ciprocal connections between the central nucleus and extrastri-
ate regions (Pitkanen 2000). The dorsal amygdala may thus be
involved in attentionally mediated EEM, a possibility compatible
with recent findings of Mackiewicz et al. (2006), who found that
dorsal amygdala activation during the anticipation of aversive
pictures correlated with immediate EEM (if we assume that an-
ticipation involved allocation of attention resources to the up-
coming stimuli).

While the central nucleus has primarily attentional effects,
but is not associated with direct modulation of memory traces in
the medial temporal lobe, the unique involvement of the baso-
lateral nucleus in this function has been extensively documented
(McGaugh 2004). Thus, it is possible that activation in the ven-
tral amygdala in the present study reflected its direct modulatory
effects on memory traces, according to the modulation model,
and in line with Mackiewicz et al.’s finding that this region only
correlated with delayed EEM. The time frame within which
amygdalar modulation of memory traces should be expected is
critical here, but, unfortunately, the parallels between human
and animal “long-term memory” effects are yet to be resolved.
While animal models of the modulation account required a pro-
longed retention interval before the effects of arousal on the
amygdala were manifested in improved memory (Bianchin et al.
1999; Izquierdo et al. 2002; McGaugh 2004), there are some hu-
man data to support a direct correlation of the amygdala with
EEM at much shorter delays, such as 1 h (Dolcos et al. 2004;
Sharot et al. 2004) or even a few seconds (Strange et al. 2003;
Anderson et al. 2006). These time frames, and the differences in
methodology among the studies, leave open the question of

Table 4. Regions associated with the spatial overlap of emotion and attention

the fusiform were correlated with EEM,

T . Talairach
activation in the IPS was not, even with coordinates Spatial
a liberal statistical threshold. Future re- of most extent  Conjunction
search will be required to shed more Brain region BA Side significant voxel (mm?) t-value
light on the precise ole that IPS had Spatial overlap of content-independent attention and emotion
played when participants viewed emo-
tional pictures under low-attention con-  Precuneus, superior parietal lobule 7 R 22, —66, 41 621 238.8
ditions. Cuneus, precuneus, superior parietal ~ 19/7 L -27, -77,24 243 249.36

EEM was also correlated with acti- lobule

tion i . tside of th 1 Middle and inferior occipital gyrus 19 L -39, -79, -5 427 252.38
vation in regions outside of the overlap 19 L Z34, 84,7 362 17322
of emotion and attention. First and fore- R 34, —81,11 232 242.53
most, replicating previous research (for  Fusiform gyrus 37 R 39, —59, -9 180 90.826
review, see LaBar and Cabeza 2006), L —33, —49, —17 95 103.81
bgth emotion anq EEM were correlated Spatial overlap of content-dependent attention and emotion
with amygdala activation. The amygdala
response to emotion and EEM dissoci-  Extrastriate visual cortex extending 19,37 L —43, -76,10 8972 61.24
ated spatially in that dorsal amygdala to fusiform
correlated with emotion, while ventral =27, —78,22 566 59.22

. —-41, —=57,2 1 12.96

amygdala correlated with EEM. These lo- R 45 _72.4 2297 5031
cations correspond to the central 34, ’—81,’11 459 48.51
nucleus and the basolateral nucleus of 47, —48, —14 242 36.95
the amygdala, respectively. The dorsal Precuneus, superior parietal lobule 7 R 22, —65, 41 772 49.23
amygdala activation for emotion was Inferior parietal lobule 40 IFE _i‘;' _ig' ‘3‘; 193 1222‘2‘
obtained in a contrast that included  p. o0 cingulate 29 L ~9, -49,11 118 36.96

only low-attention trials, and therefore,
reflected not only differences in experi-
ential arousal, but also the neural corre-
lates of the enhanced attention to emo-
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Each contrast entered to the analysis was defined with a significance threshold of P < 0.005 and a
cluster threshold of 180 mm?2. Conjunction t-value is the multiplication of the t-values of each contrast
included in the analysis of overlap.
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Figure 4. Regions associated with EEM (emotional Dm > neutral Dm). (A) Z= —23.
(B) Z= —13.(C) Spatial dissociation in the left amygdala’s association with emotion and
EEM, Y= —5. Dorsal amygdala correlated with emotion (red), while ventral amygdala
correlated with EEM. These locations correspond to the central nucleus and the baso-
lateral nucleus of the amygdala, respectively.

which model better accounts for the correlation we obtained
here between ventral amygdala activation and immediate EEM.

A second area activated for EEM and emotion, but not for
attention, was the left temporal pole. A recent review of the lit-
erature suggested that this region is involved in storing bound
linkages between emotion and perceptual analysis of social
stimuli that ‘tell a story’ (Olson et al. 2007). The complex scenes
we used—which all depicted people—are paramount examples of
a social emotional stimulus, and this might underlie the involve-
ment of the temporal pole in EEM. The amygdala and the ante-
rior temporal cortex are connected anatomically (Webster et al.
1994) and were connected here functionally. Both regions could
support the other’s responsiveness to emotion. Because subse-
quent memory was assessed with a recognition test, and because
subsequent recognition memory is associated with parahippo-
campal (rather than hippocampal) activation (Brown and Aggle-
ton 2001; Paller and Wagner 2002), we expected that the para-
hippocampal cortex would correlate with subsequent EEM. Such
a correlation was found in the right parahippocampal cortex. The
fact that the amygdala’s connections to this region are mostly
ipsilateral (Amaral and Price 1984), and the finding that this
region was activated by attention but not by emotion, suggests
that the left amygdala may not be the underlying source for this
correlation; however, in interpreting these results, note that a
larger sample size may be required to shed light on this pattern of
activation.

The behavioral and imaging data attest as predicted, that
both emotional and neutral pictures were processed to a greater
degree under high- relative to low-attention conditions. Because
we planned to examine memory for pictures studied under both
attention conditions, we used display and timing parameters
(central presentation for 1 sec) that degraded picture processing
to a certain extent, but did not abolish it
altogether. Previous studies of emotion
and attention (e.g., Vuilleumier et al.

processed even under low-attention conditions. As a
result, we did not observe any significant differences
in amygdala activation for emotional pictures in the
high- and low-attention condition, although note
that the small sample size challenges the interpreta-
tion of null effects. Replicating previous studies, we
found that the differential activation in the amygdala
for emotional relative to neutral pictures, which we
interpreted as correlated with emotional arousal, was
larger under low- than under high-attention condi-
tions, an effect likely due to participants’ engagement
in an effortful cognitive task under high-attention
conditions (Critchley et al. 2000; Hariri et al. 2000;
Adolphs 2002; Lieberman et al. 2007).

In conclusion, our study supported the specific
prediction of the attention mediation hypothesis of
immediate EEM. We showed that EEM was associated
with activation in the amygdala and extrastriate re-
gions, in particular, the fusiform gyrus, and that the
fusiform gyrus was functionally connected to the amygdala and
involved in emotion-dependent enhancement of attention to
pictures. Emotional recruitment of sensory processing resources
has memory consequences that are evident immediately follow-
ing encoding and could boost the direct influence emotion also
exerts on memory consolidation.

Materials and Methods

Participants

Eleven young adults (five females; mean age 24.43, SD = 6.23)
participated in the study and were paid at a rate of $25/hour.
Four additional participants were excluded, one for excessive mo-
tion exceeding the cutoff of 1.5 mm, one because of very low
memory performance, and two because of failure to comply with
the attention instructions.

Materials

A total of 288 pictures, 210 X 280 pixels in size, were drawn from
the International Affective Picture System (IAPS) (Lang et al.
2005) and from the Internet. A total of 144 pictures were judged
by the authors (D.T. and L.R.) to be negative and arousing, and
the others were emotionally neutral. A separate group of five
participants rated the pictures for visual complexity on a 1 to 9
scale, and on valence and emotional arousal using the comput-
erized SAM scale (Bradley and Lang 1994). Emotional and neutral
pictures were equivalent on visual complexity, t,gs) = 1.62,
P >0.10. The emotional pictures had a more negative valence,
t2s6) = —40.82, P < 0.001, and were more arousing, t,gs, = 43.52,
P < 0.001, than the neutral pictures. All pictures depicted people.
We used Correl Photopaint 8.232 to match pictures on lumi-
nance, t,gs = —1.45, P> 0.10.

Scrambled pictures were created from the intact pictures
with Adobe Photoshop software (wave type: square; number of

Table 5. Regions associated with EEM (Dm emotional > Dm neutral)

2001a, 2004; Pessoa et al. 2002) had a
different aim, and therefore, their “low-
attention” condition used shorter pre-
sentation durations (peripheral presen-

tation for 200-250 msec) and a periph-
eral concurrent task—parameters that,
relative to their high-attention condi-
tion, attenuated amygdala activation to
emotional faces in the Pessoa et al.
(2002) study. The significance of this

Talairach
coordinates Spatial
of most extent
Brain region BA Side significant voxel (mm3) t-value
Fusiform gyrus 19 L —48, —68, —14 579 4.12
37 L —45, —52, -13 108 4.95
Superior temporal gyrus 37 L -35,2,-18 150 6.37
Parahippocampal gyrus 21 R 36, -7, —25 284 4.03
Amygdala L -22, -5, -20 106 4.47
Middle temporal gyrus 21 L -61,1, —10 97 4.74

methodological difference is that in the
present study, picture content could be
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The contrast was masked by the interaction of emotion and attention (P < 0.005) and defined with a
significance threshold of P < 0.05 and a cluster threshold of 90 mm?
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Figure 5. Spatial overlap of emotion, content-dependent attention,
and EEM. (A) Activations associated with attention (yellow), with emotion
(red), with the overlap of attention and emotion (purple), and with the
overlap of EEM with either emotion or attention (dark blue). The arrow-
head points to the spatial overlap of emotion, content-dependent atten-
tion, and EEM (light blue). X = —44. (B) Additive effects of emotion and
attention as a function of picture type in the cluster activated by emotion,
attention, and EEM. Error bars represent SE.

Generators: 25; wavelength min: 10, wavelength max: 30; am-
plitude min: 5; amplitude max: 100; scale horizontal: 10; scale
vertical: 100; undefined areas: wrap around). All scrambled pic-
tures participants saw in the study phase were created from un-
studied pictures (the lures for the test phase).

The study phase used 96 emotional, 96 neutral, and 96
scrambled pictures. The test phase used all intact pictures, with a
ratio of 2:1 between old and new pictures. Pictures presentation
was completely randomized for each participant. Pictures were
presented centrally on a gray background that was used through-
out the experiment. We used E-Prime 1.1 (Psychology Software
Tools) to present the stimuli and collect the data.

Behavioral procedure

Study phase

Memory encoding was incidental to ensure compliance with the
attention instructions. To make it easier to maintain the orient-
ing set, the attention conditions were blocked, and both emo-
tional and neutral pictures were mixed within each block (a
mixed blocked/event-related design). Block instructions (the
words “attend” or “detect” for the high- and low-attention
blocks, respectively) were presented at the bottom of the screen
for 14 sec before the block started, and remained on the screen
throughout the block. To minimize differences in eye movement
between attention conditions, participants fixated their gaze on
a green cross-hair, which appeared at the center of the screen for
2 sec before the block began, and remained throughout the
block.

The study phase included four runs; each run included six
attention blocks that alternated. The attention condition used in
the first block of a run alternated as well, so that participants
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started two runs with a high-attention block and two runs with a
low-attention block. Each block included four emotional pic-
tures, four neutral pictures, and four scrambled pictures. Each
picture was presented for 1 sec. The inter-trial interval was 3- to
8-sec long, with the constraint that each block was 64-sec long.
Each run began with a 20-sec “get ready” signal and ended with
a 16-sec fixation period.

Before the experiment began, participants practiced per-
forming the low- and the high-attention tasks. The experimenter
viewed their eye movement through a mirror mounted on top of
the monitor and ensured that participants were fixating on the
cross-hair in both attention conditions.

Test phase

To avoid floor effects in memory for low-attended pictures, we
tested memory with a recognition rather than a recall test. Dur-
ing the study-test interval, participants received instructions
about the test phase and were given an additional structural scan;
all participants but the first performed the test in the scanner
(these data will be reported separately). The test was divided into
three runs, with 96 pictures in each run. Pictures were allocated
randomly to each run for each participant, with the constraint
that each run included an equal number of emotional and neu-
tral pictures from each one of the attention conditions in each
one of the study runs, and an equal number of unstudied emo-
tional and neutral pictures. Each picture was presented for 4 sec.
The interval between picture presentation was 0, 2, 4, or 8 sec,
with the frequency of each of these intervals based on a random-
selection probability distribution. Participants were required to
fixate on the bright green cross during the interval between pic-
tures, but were allowed to roam their eyes freely during picture
presentation to improve their memory performance. They were
encouraged to emphasize accuracy, but to respond as fast as pos-
sible once they knew what the answer was. Participants re-
sponded to each picture by choosing one of four response op-
tions to indicate that they were sure the picture was new,
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Figure 6. Pearson R correlations of brain scores and seed values as a
function of task condition in the first (top) and second (bottom) LV in the
PLS analysis. Error bars represent 95% confidence interval based on a
permutations test.
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thought the picture was new but were unsure, were sure the
picture was old, or thought the picture was old but were unsure.
Participants responded by pressing one of four keys with their
dominant hand.

Picture rating

Following the scan, participants saw all of the pictures again and
rated them for emotional arousal using the computerized SAM
scale (Bradley and Lang 1994). These ratings were used to bin
pictures to low in emotionality (ratings 1-5) or high in emotion-
ality (ratings 6-9). There was a significant difference between
picture arousal ratings for those in the two bins, emotional
(M =7.45, SD = 0.40) and neutral (M = 3.50, SD =0.78),
toy = 21.42, P < 0.001. Participants’ own ratings were used in all
analyses.

Gender differences

Following reports of gender differences in emotional memory
that were even stronger than effects of sex (Cahill et al. 2004a),
participants were mailed the Bem Sex Role Inventory (Bem 1981)
approximately 6 mo after completing the study.

Image acquisition

Participants were scanned with a Signa 3-tesla (T) magnet with a
standard head coil (CV/i hardware, LX8.3 software; General Elec-
tric Medical Systems). A standard high-resolution, 3D T1-
weighted fast spoiled gradient echo image (TR = 7.0 msec;
TE = 3.1 msec; flip angle = 15°; acquisition matrix = 256 x 192;
FOV = 22 cm; 124 axial slices; slice thickness = 1.4 mm) was first
obtained to register functional maps against brain anatomy.
Functional imaging was performed to measure brain activation
by means of the blood oxygenation level-dependent (BOLD) ef-
fect (Ogawa et al. 1990) with optimal contrast. Functional scans
were acquired with a single-shot T2*-weighted pulse sequence
with spiral in-out readout (TR = 2000 msec; TE = 30 msec; flip
angle = 70°; effective acquisition matrix = 64 X 64; FOV =20
cm; 26 slices; slice thickness = 5.0 mm), including off-line grid-
ding and reconstruction of the raw data (Glover and Lai 1998).
Images were projected to a projector mirror mount using a rear
projection screen. Participants responded by pressing buttons on
a Rowland USB Response Box (The Rowland Institute at Harvard)
with their dominant hand.

Imaging data analysis

Univariate analysis

Image processing and analysis were performed using the Analysis
of Functional Neuroimages (AFNI, version 2.25) software package
(Cox 1996; Cox and Hyde 1997). The initial 10 images, in which
transient signal changes occur as brain magnetization reaches a
steady state, were obtained prior to task presentation and ex-
cluded from all analyses. Time series data were spatially coregis-
tered to correct for head motion using a 3D Fourier transform
interpolation, and data exceeding a 1.5-mm range of head mo-
tion was excluded. The four scanning runs were then concate-
nated and detrended to a third-order polynomial. Based on the
individual fMRI signal data and the input stimulus function
(time series), AFNI estimates the impulse response function by
performing a multiple linear regression analysis. To improve
power, two such analyses were conducted. The encoding model
included the encoding condition regardless of subsequent
memory performance. It thus included six regressors, corre-
sponding to attention (high, low) x Type (scrambled, neutral,
emotional pictures). Individual participants’ own ratings of emo-
tional intensity were used to classify the pictures to emotional
(all pictures rated >5 in the 1-9 scale) or neutral (all other pic-
tures). The memory model classified encoding activation for each
studied picture according to participants’ memory performance
at test, regardless of the attention encoding condition. The
model thus included four regressors, corresponding to memory
(hits, misses) X Type (neutral, emotional pictures). To increase
power in the analysis of subsequent memory, we collapsed across
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confidence levels and attention levels at encoding. In addition to
the experimental regressors, each model also regressed out acti-
vation due to the interblock interval and instruction period. We
examined the encoding model with and without regressing out
encoding latency, but included latency as a regressor in the
memory model (removing it did not change the results). The
estimated impulse response was then convolved with the input
stimulus time series to provide the impulse-response function
associated with the experimental conditions. The estimated re-
sponse from the period of 4-8 sec after picture onset (the peak of
the hemodynamic response) was then extracted, transformed
into Talairach coordinates (Talairach and Tournaux 1998), and
smoothed with a Gaussian filter of 6-mm full-width-at-half-
maximum (FWHM) to increase the signal-to-noise ratio in order
to permit subsequent group analysis.

Group analysis consisted of two voxel-wise, mixed-model,
repeated-measure ANOVAs (one for the encoding model and one
for the memory model) with participants as a random factor and
experimental condition as a fixed factor. For the encoding
model, general linear tests of simple effects defined three con-
trasts: “attention” (high attention > low attention, separately for
neutral pictures and for scrambled pictures, P < 0.005) and emo-
tion (emotional > neutral pictures, under low attention). For the
memory model, the interaction between emotion and memory
defined regions that were potentially associated with EEM
(P < 0.005). We used the interaction mask to search for voxels in
which there were significant differences between the emotional
and the neutral Dms (difference due to memory, defined as
hits > misses); these contrasts were computed for each partici-
pant and tested with a third repeated-measures ANOVA
(P <0.05).

The crux of our data analysis depended on a series of con-
junctions, which we take here to mean spatial overlap between
separate contrasts. Our emotion and attention contrasts were not
independent of each other (see Experimental Contrasts section
above), but both were independent of the EEM contrast. Accord-
ing to Friston et al. (2005), a conjunction analysis of high-
thresholded contrasts is too conservative. However, Nichols et al.
(2005) cautioned about interpreting results from conjunction
analysis of contrasts when each contrast was not significant on
its own. In order to permit interpretation of both conjunctions
and disjunctions, it was important to use only statistically signif-
icant effects in the conjunction, but with a significance threshold
that is not exceedingly conservative. A deliberately lenient
threshold of P < 0.005 and a minimum cluster size of 180 mm?
(four original voxels) were used throughout for all contrasts re-
ported here, apart from those where a mask reduced the search
volume substantially (EEM contrast above); there, we used
P <0.05 and a cluster threshold of 90 mm?®. The coordinates of
clusters were determined by the location corresponding to the
peak intensity. For the composite maps shown here, the statisti-
cal maps averaged across subjects were superimposed onto a
structural image averaging across participants. The cerebellum
was not included in the functional maps. Finally, the amygdala
ROI was defined per participant with AFNI’s Talairach atlas
“drawdataset” plug-in in order to extract its hemodynamic re-
sponse.

Multivariate analysis

Partial least squares (PLS) (McIntosh et al. 1996) is a multivariate
analysis technique that identifies assemblies of brain regions that
covary together in relation to a given input. Regions that vary
their activity together across participants are thought to belong
to the same interactive network. Regions that vary their activity
independently of each other across participants may not be part
of the same network, even if they are activated at the same time
(Horwitz et al. 2000). Seed PLS examines how the inter-regional
covariation relates both to the experimental conditions and to
activity in seed (reference) voxels (McIntosh and Lobaugh 2004).
On the basis of the univariate results, we wished to investigate
the relationship between the peak-activated voxel for emotion in
the left amygdala, and the peak-activated voxel in the conjunc-
tion of emotion, content-dependent attention and EEM in the
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left fusiform gyrus. In order to constrain our analysis to the co-
variance of interest—those networks that were more strongly
connected as a function of the amygdala’s response to emotion—
we included a third seed, namely, the difference in activation in
the amygdala seed for emotional > neutral pictures. This differ-
ence score is a measure of the responsiveness of the amygdala to
emotion. Seed PLS identifies a new set of latent variables (LVs),
analogous to contrasts, which reveals the nature of the brain-seed
covariance and the way this covariance varies across task condi-
tions. Each LV is associated with a singular image; the numeric
values (“salience”) within the image are weighted linear combi-
nations of voxels that covary with the LV and can be positive or
negative. This means that negative correlations could reflect
positive functional relationship and vice versa, but same-signed
correlations across seeds or brain regions reflect a same-signed
functional relationship. Statistical significance of each LV as a
whole was assessed by 500 permutation tests (Edgington 1980;
McIntosh et al. 1996; McIntosh and Lobaugh 2004), and the
stability of each brain voxel’s contribution to the LV was deter-
mined through 100 bootstrapping resampling (Efron and Tibshi-
rani 1993). Voxels in the singular images were considered reliable
if they had a bootstrap ratio of salience to SE corresponding to
95% (Efron and Tibshirani 1993; McIntosh and Gonzalez-Lima
1998; McIntosh 1999).
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