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Emotion can impact various aspects

of our cognition and behavior, by
enhancing or impairing them (e.g.,
enhanced attention to and memory for
emotional events, or increased distraction
produced by goal-irrelevant emotional
information). On the other hand, emotion
processing is also susceptible to cognitive
influences, typically exerted in the form of
cognitive control of motion, or emotion
regulation. Despite important recent
progress in understanding emotion-
cognition interactions, a number of
aspects remain unclear. The present book
comprises a collection of manuscripts

The figure illustrates the intertwined nature of
the relationship between the human brain and
mind. The color-coded brain activations depict

responses in a dorsal neural system involved discussing emerging evidence regarding
in “cold” cognitive/executive processing and the mechanisms underlying emotion-

a ventral system involved in “hot” emotional cognition interactions in healthy
processing. The human face intersecting with functioning and alterations associated
both systems suggests the emergence of the with clinical conditions, in which such
human mind from interactions between emotion interactions are dysfunctional. Initiated

and cognition. Design by Florin Dolcos, brain
image adapted from Dolcos & McCarthy (2006),
face picture provided by Noah Mercer.

with a more restricted focus, targeting

(1) identification and in depth analysis
of the circumstances in which emotion
enhances or impairs cognition and (2)
identification of the role of individual differences in these effects, our book has emerged into
a comprehensive collection of outstanding contributions investigating emotion-cognition
interactions, based on approaches spanning from behavioral and lesion to pharmacological
and brain imaging, and including empirical, theoretical, and review papers alike.
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Co-hosted by the Frontiers in Neuroscience - Integrative Neuroscience and Frontiers in
Psychology - Emotion Science, the contributions comprising our book and the associated
research topic are grouped around the following seven main themes, distributed across

the two hosting journals: I. Emotion and Selectivity in Attention and Memory; II. The
Impact of Emotional Distraction; Linking Enhancing and Impairing Effects of Emotion; III.
What Really is the Role of the Amygdala?; IV. Age Differences in Emotion Processing; The
Role of Emotional Valence; V. Affective Face Processing, Social Cognition, and Personality
Neuroscience; VI. Stress, Mood, Emotion, and the Prefrontal Cortex; The Role of Control in
the Stress Response; VII. Emotion-Cognition Interactions in Clinical Conditions.

As illustrated by the present collection of contributions, emotion-cognition interactions
can be identified at different levels of processing, from perception and attention to long-
term memory, decision making processes, and social cognition and behavior. Notably, these
effects are subject to individual differences that may affect the way we perceive, experience,
and remember emotional experiences, or cope with emotionally challenging situations.
Moreover, these opposing effects tend to co-occur in affective disorders, such as depression
and PTSD, where uncontrolled recollection of and rumination on distressing memories
also lead to impaired cognition due to emotional distraction. Understanding the nature
and neural mechanisms of these effects is critical, as their exacerbation and co-occurrence
in clinical conditions lead to devastating effects and debilitation. Hence, bringing together
such diverse contributions has allowed not only an integrative understanding of the current
extant evidence but also identification of emerging directions and concrete venues for future
investigations.
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Emotion is a “double-edged sword” that can either enhance
or hinder various aspects of our cognition and behavior. For
instance, the emotional charge of an event can increase attention
to and memory for that event, whereas task-irrelevant emotional
information may lead to increased distraction away from goal-
relevant tasks. Sometimes, even the same emotionally arousal
event can lead to opposite effects on different aspects of cogni-
tive processing—hearing a gunshot might enhance memory for
central aspects of what was happening at the time, while impair-
ing memory for peripheral details. Stress can also lead to quite
different effects depending on the context and degree of stress.
For example, emotional responses associated with optimal levels
of stress (eustress) may increase performance (e.g., positive emo-
tions associated with wedding preparations), whereas emotions
associated with exposure to extreme levels of stress impair perfor-
mance (e.g., overwhelming worry in the anticipation of a difficult
exam). Importantly, these effects are also susceptible to cogni-
tive influences, typically exerted in the form of emotion control,
which may affect both the immediate and the long-term impact of
emotion on cognition. Although during the last decades impor-
tant progress has been made in understanding emotion-cognition
interactions, a number of aspects remain unclear.

The present e-book and research topic comprise a collec-
tion of manuscripts discussing emerging evidence regarding
the mechanisms underlying emotion-cognition interactions in
healthy functioning and alterations associated with clinical con-
ditions, in which such interactions are dysfunctional. Co-hosted
by the Frontiers in Neuroscience—Integrative Neuroscience and
Frontiers in Psychology—Emotion Science, our special research
topic attracted a large number of outstanding contributions,
based on approaches spanning from behavioral and lesion
to pharmacological and brain imaging, and including empiri-
cal, theoretical, and review papers alike. The contributions are
grouped around the following seven main themes distributed
across the two hosting journals: (1) Emotion and Selectivity in
Attention and Memory, (2) The Impact of Emotional Distraction;
Linking Enhancing and Impairing Effects of Emotion, (3) What
Really is the Role of the Amygdala?, (4) Age Differences in Emotion

Processing; The Role of Emotional Valence, (5) Affective Face
Processing, Social Cognition, and Personality Neuroscience, (6)
Stress, Mood, Emotion, and the Prefrontal Cortex; The Role of
Control in the Stress Response, (7) Emotion-Cognition Interactions
in Clinical Conditions. This comprehensive approach allowed an
integrative understanding of the available evidence and identifi-
cation of concrete venues for future investigations.

EMOTION AND SELECTIVITY IN ATTENTION AND MEMORY
Perhaps the most studied issue in the history of emotion-
cognition interactions is how emotion influences the scope or
selectivity of attention and memory. Does arousal or negative
emotion lead to the narrowing of the scope of attention? Do
arousing stimuli create a trade-off in memory such that they are
remembered better than similar neutral stimuli, while they impair
memory for surrounding information? How do goals and the
type of emotion relate to these selectivity effects? The papers in
this section provide an excellent overview of current issues and
controversies regarding this topic.

Even in the absence of strong emotion, different stimuli com-
pete for representation in the brain (Desimone and Duncan,
1995; Beck and Kastner, 2009). Attention helps modulate this
competition, even at the synaptic level (Briggs et al., 2013).
Arousal interacts with these other factors. When a stimulus is
inherently emotionally arousing, it has a competitive advantage
over stimuli nearby in space or time (Bradley et al., 2012). For
instance, people tend to remember foreground objects better
when they are emotional than neutral, but at the cost of poorer
memory for the background scenes (Steinmetz and Kensinger,
2013). These effects favoring emotionally salient objects over the
surrounding less salient context become stronger with a night
of sleep (Payne et al., 2012). Such trade-off effects also occur in
people with post-traumatic stress disorder (PTSD) but not in
those who experienced trauma in the past without developing
PTSD (Steinmetz et al., 2012). These intriguing findings suggest
that people in whom arousing items do not have as much of
a competitive advantage might have a lower propensity toward
PTSD.
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Emotion-cognition interactions

The competitive advantages for emotional stimuli work across
time, as well as space. Wang et al. (2012) review the phenomenon
known as emotion-induced blindness, in which emotionally
arousing stimuli can disrupt perception of other target stimuli
that appear soon afterwards in the same location. They argue that
emotion-induced blindness results from competition between the
targets and the emotional distractors, with the distractors gaining
priority due to their goal relevance. But this raises the question
of whether emotional stimuli really do get more attention than
would be predicted simply by their visual salience. To test this,
Niu et al. (2012) had participants code which regions within
pictures were most affectively salient and then had automated
software compute which regions were most perceptually salient
and measured eye movements to assess attention. They found
that affectively salient regions attracted more attention than per-
ceptually salient regions, especially among pictures rated high in
arousal. But findings that recalling autobiographical memories
in response to emotional cue words impairs subsequent percep-
tion more than recalling in response to neutral cue words indicate
that emotion can impair perception even if there are no external
differences in perceptual salience (Young et al., 2012).

Thus, papers in this section continue a long line of research
indicating that emotionally arousing stimuli attract more atten-
tion and are remembered better than competing stimuli.
However, the question of whether this has to do with arousal,
per se, and not just with the nature of the stimuli, requires meth-
ods in which arousal is manipulated independently of the stimuli
characteristics. To do this, Echterhoff and Wolf (2012) manipu-
lated stress after participants watched a video of a burglary, as well
as whether participants anticipated something distressing during
the video. They found that the recognition advantage for central
event items over peripheral event items was largest when distress
was anticipated and there was post-event stress. Thus, arousal
both during an event and immediately afterwards can enhance the
relative memory advantage for salient events that just occurred.

The notion that arousal enhances processing of salient stimuli
and impair processing of other stimuli is consistent with Mather
and Sutherland’s (2011) arousal-biased competition theory, in
which arousal increases the stakes of neural competition between
stimuli representations, such that there are both “winner-take-
more” and “loser-take-less” effects. In their present study, Lee
et al. (2012) tested arousal-biased competition mechanisms by
manipulating arousal during a 2-session perceptual learning task.
One session included interspersed emotionally arousing negative
pictures whereas the other session included interspersed neutral
pictures. Participants’ task was to find the discrepant line from
among an array of lines. In one condition, the discrepant line
was always tilted 55° among a field of 50° distractors. In another
condition, the discrepant line was always tilted 55° among a field
of 80° distractors. In both conditions, participants had to iden-
tify the exact tilt of the target line from a set of five alternatives
every so often. Thus, in one condition, participants were learning
about a salient item (a line very different from its competitors)
whereas in the other they were learning about a non-salient line.
Competition models of salience (e.g., Itti and Koch, 2000) predict
that competition will favor the salient line, enhancing its repre-
sentation, but that mutual suppression will impair the non-salient

line, leading its representation to be impaired. Indeed, in the
salient-target condition, the interspersed emotional pictures
enhanced participants’ perceptual tuning curves as indicated by
more accurate memory for the tilt of the target line. In contrast,
in the non-salient-target condition, emotion impaired learning
about the target line, leading to broader estimated tuning curves.
Such work follows up on other recent findings that emotional
arousal enhances processing of neutral but perceptually salient
stimuli while impairing processing of competing less salient stim-
uli (Sutherland and Mather, 2012; Lee et al., 2014). Also, recent
findings indicate that emotional pictures (positive or negative)
strengthen high priority memory traces but weaken low priority
memory traces, when priority was determined by goal relevance
(Sakaki et al., 2014). Thus, arousal can have opposite effects on low
and high priority representations, with both bottom-up salience and
top-down goal relevance as key determinants of priority.

However, two reviews in this book present different views
on how emotion influences selectivity. In their review, Harmon-
Jones et al. (2012) argue that what really matters is the motiva-
tional intensity of emotion. Affective states high in motivational
intensity should narrow cognitive scope while those low in moti-
vational intensity should broaden it. Kaplan et al. (2012) also
highlight the role of motivation but argue that a critical factor
is whether goals have been achieved yet or not. They posit that
emotions experienced before goal attainment or loss should lead
to memory narrowing while emotions experienced afterwards
should broaden the scope of attention and encoding. One key
issue in trying to understand whether these motivational accounts
contradict or are complementary to arousal-biased competition
account is that the measures differ. Most of the studies examin-
ing how motivational intensity influences attention have assessed
how much people attend to the local or global features of the same
information. For instance, in the Navon (1977) letters task partic-
ipants see large letters composed of smaller letters and attentional
biases to the large or small letters is measured. Motivational
intensity shifts these local/global biases. But the arousal-biased
competition account requires knowledge about the relative base-
line priority of the small and large letters. Given that there are
individual differences in whether the large or small letters are
noticed more quickly, there is no clear high priority item across
participants. Arousal-biased competition processes should favor
the local features even more for those who already tend to favor
the local letters and vice versa for those who tend to favor the
global letters. Likewise, it is not clear what motivational intensity
would predict in the type of paradigm used by Sutherland and
Mather (2012), in which some letters are more perceptually
salient because they contrast more with the background, but they
are all equally central in the image and all have the same size.

Finally, the opinion paper by Chiu et al. (2013) proposes that
other factors should also be considered when investigating the
impact of emotion on memory. Namely, while extant theories
tend to focus on how attentional biases in the perception of emo-
tional stimuli influence memory, future research would benefit
from differentiating between source, contextual, and relational
information, as a way to further our understanding of the effects
of emotion on various types of memory phenomena (Chiu et al.,
2013).
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THE IMPACT OF EMOTIONAL DISTRACTION; LINKING
ENHANCING AND IMPAIRING EFFECTS OF EMOTION

A related key question in the emotion literature is how emo-
tionally arousing stimuli can also cause distraction and disrupt
performance. Novel evidence emerging from human (Hart et al,,
2012; Jasinska et al., 2012a,b; Shafer and Dolcos, 2012; Dolcos
et al., 2013) and animal (Matthews et al., 2012) research con-
firm and advance the initial view (Dolcos and McCarthy, 2006)
that processing of task-irrelevant emotional information is asso-
ciated with opposing patterns of response in ventral emotion
processing regions, such as the amygdala (showing enhanced
activity), and in dorsal executive brain regions, such as the
dorsolateral prefrontal cortex (dIPFC, showing reduced activ-
ity) (reviewed in lordan et al, 2013). New evidence shows
that the response to emotional distraction can be modu-
lated by actual or expected task difficulty (Hart et al., 2012;
Jasinska et al., 2012b; Shafer and Dolcos, 2012), stress hor-
mones (Henckens et al., 2012), and genetic differences (Jasinska
et al, 2012a), as well as by personality differences in traits
indexing increased sensitivity to processing task-irrelevant infor-
mation, such as attentional impulsivity (Dolcos et al., 2013).
Interestingly, there is also evidence that emotional “distrac-
tion” may not always impair performance on the primary
task (Jackson et al, 2012; Truebutschek and Egner, 2012).
Finally, there is also evidence that increased emotional reactiv-
ity in clinical patients with emotional and attentional disorders
is associated with increased impact of emotional distraction
(Singhal et al., 2012).

Notably, studies in this section also provide initial evidence
regarding the neural mechanisms linking enhancing and impair-
ing effects of emotional distraction. Whereas emotional distraction
initially impairs perception (Shafer and Dolcos, 2012) and work-
ing memory (Dolcos et al., 2013), it enhances long-term episodic
memory for the distractors themselves. The emotional charge of
the distracting information and the difficulty of the main cogni-
tive task influence both the initial emotional distraction (Shafer
et al., 2012) and long-term memory (Shafer and Dolcos, 2012).
Also, Dolcos et al. (2013) showed that the same amygdala area was
involved in both enhancing and impairing effects of emotion, but
its engagement was associated with opposing influences on activ-
ity in brain regions responsible for maintaining performance in
the initial main cognitive task (dIPFC, showing reduced response
to emotional distraction) vs. those underlying the long-term
enhancing effects of emotion (MTL memory system, showing
enhanced response) (see also Dolcos and Denkova, 2014).

Interestingly, the study by Dolcos et al. (2013) also shows that
the involvement of cognitive control mechanisms to cope with
emotional distraction (reflected in increased activity in the ven-
trolateral prefrontal cortex, VIPFC) not only protects against the
emotional distraction but also leads to enhanced memory for
the distractors themselves. This finding provides novel evidence
regarding the neural mechanisms underlying a behavioral phe-
nomenon that was observed in early studies investigating the
initial and long-term effects of emotion regulation. Namely, the
engagement of specific emotion regulation strategies to cope with
the initial exposure to emotional situations may also lead to
increased memory for the emotional aspects of that experience

(Dillon et al., 2007). This issue also has relevance for under-
standing clinical conditions, such as PTSD, where dysfunctional
links between immediate and long-term effects of emotion may
be associated with erroneous initial encoding of memories for
traumatic events due to heightened arousal, as discussed in the
opinion article by Dolcos (2013).

WHAT REALLY IS THE ROLE OF THE AMYGDALA?

Current theories give the amygdala a fundamental role in enhanc-
ing attention and memory of emotional stimuli (Murty et al,,
2010; Dolcos et al., 2011, 2012; Mather and Sutherland, 2011;
Pourtois et al., 2013). Yet, there are still multiple debates about
the exact nature of its role. For instance, there has been a long-
standing debate about the automaticity of emotion processing
and about the nature and significance of dissociating between
subcortical automatic and non-conscious route to the amygdala
from cortical routes for processing emotional stimuli (for recent
reviews, see Pessoa and Adolphs, 2010; Tamietto and de Gelder,
2010). Consistent with the traditional view regarding emotion-
attention interaction (Ohman et al., 2001), in their present con-
tribution, De Gelder et al. (2012) argue that work using moving
bodies expressing emotion or not indicates that there is an early
emotion processing route that is independent of attention and
involves a subcortical route to the amygdala; for recent evidence
reconciling the traditional and competing views, see Shafer et al.
(2012).

In their review, Chau and Galvez (2012) argue that while
the amygdala is widely acknowledged to play a key role in the
initial acquisition and consolidation of fear-related memories,
it also is involved in non-fear-related memories, such as eye-
blink conditioning. They concur with previous accounts that the
amygdala works as a salience detector to enhance learning of bio-
logically significant or behaviorally relevant events (Davis and
Whalen, 2001; Sander et al., 2003; Pessoa and Adolphs, 2010;
Pourtois et al., 2013), so that other brain regions are more likely
to consolidate those important learned responses.

One puzzle in the literature is the finding that patients with
Alzheimer’s disease, still show emotional enhancement effects in
memory (e.g., Kazui et al., 2000; Nashiro and Mather, 2011). In
their review, Klein-Koerkamp et al. (2012) argue that Alzheimer’s
patients may have compensatory or “reinforced” neural projec-
tions between brain areas involved in the elicitation of emotional
enhancement. This is an intriguing hypothesis, but it would also
be useful to consider other aspects of arousal that may contribute
to enhanced memory, beyond the amygdala. In their paper, Gold
and Korol (2012) review neuroendocrine influences on emotional
memory. They argue that increases in blood glucose levels that
result from epinephrine release during arousal augment neu-
rotransmitter release and energy metabolism in brain regions
involved in learning and memory. However, the impact of glu-
cose on memory is impaired in normal aging and even further
in Alzheimer’s disease (Gold and Korol, 2012), thus there is no
obvious answer as to how memory continues to be enhanced by
emotion in those with Alzheimer’s disease, albeit to a less robust
degree than for healthy older adults.

The amygdala does not always lead to enhanced process-
ing. As discussed in the previous section, the same amygdala
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area appears to mediate both impairing and enhancing effects
of emotional distraction, but through different effects on activ-
ity in the dIPFC (decreased) vs. MTL (increased) (Dolcos et al.,
2013). In addition, while it enhances new emotional learn-
ing, lesion work with animals indicates that the amygdala
impairs the flexibility of learning, such that reversal learning or
extinction are facilitated after amygdala lesions (Izquierdo and
Murray, 2005; Stalnaker et al., 2007). When intact, the amyg-
dala seems to work against orbitofrontal mechanisms that help
update memories. This model is consistent with recent find-
ings that updating the context of emotionally arousing infor-
mation is more difficult and involves greater activation of fron-
topolar/orbitofrontal cortex than updating neutral information
(Mather and Knight, 2008; Novak and Mather, 2009; Sakaki
et al,, 2011; Nashiro et al,, 2012). As shown in the present
contribution by Nashiro et al. (2013b), the behavioral dis-
advantage in updating emotional compared to neutral asso-
ciative information is maintained in older adults, as is the
increased activity in the orbitofrontal cortex and increased neg-
ative amygdala-PFC functional connectivity when doing emo-
tional reversal learning, compared to neutral reversal learning
(Nashiro et al., 2013a).

Thus, across the life span, the amygdala works to maintain asso-
ciations within existing emotional memories, such as what a cue
predicts, where a particular picture was, or which item something
was paired with, making emotional memories more resistant to
flexible updating. Also relevant are the present findings that it is
more difficult to learn whether items previously associated with
high rewards than those associated with low rewards were in a
new list (Madan et al., 2012). Thus, both reward and arousal
make it more difficult to learn new contextual information about
items. However, more research is needed to understand if the
mechanisms of impaired updating are the same for reward and
arousal.

AGE DIFFERENCES IN EMOTION PROCESSING; THE ROLE OF
EMOTIONAL VALENCE

People’s intuition tends to be that emotion should follow the same
downward trajectory with age as cognition, such that negative
emotion increases as people grow older. However, longitudinal
studies reveal that, in fact, rates of negative affect (NA) tend to
decrease through much of adulthood (Carstensen et al., 2000;
Charles et al., 2001). These shifts in emotional experience are
reflected in cognitive processes as well, leading to age-by-valence
interactions (known as the “positivity effect”) in attention and
memory (Mather and Carstensen, 2005). Specifically, older adults
tend to favor positive stimuli more and negative stimuli less than
younger adults, in their attention and memory. Since initial find-
ings of an age-related positivity effect in attention and memory
were published about a decade ago (Charles et al., 2003; Mather
and Carstensen, 2003), there has been a great deal of interest in
the effect. In their present review paper, Reed and Carstensen
(2012), discuss how the pattern of findings indicate that the
positivity effect is not a manifestation of cognitive decline, but
instead requires controlled processing (Mather and Carstensen,
2005; St. Jacques et al., 2010). Given its reliance on goal-directed
processes, the positivity effect is malleable and context sensitive.

For instance, manipulating concurrent cognitive load can dimin-
ish or reverse it (Mather and Knight, 2005; Knight et al., 2007),
something that cannot be accounted for by a cognitive decline
account. Reed and Carstensen (2012) also point out that more
work is needed to test whether positivity in cognitive processing helps
emotional well-being and influences decisions.

Several of the empirical papers in this collection addressed
other relevant issues. Noh et al. (2012) investigated whether
the links between positive and NA and attentional functioning
varies as a function of age. They found that higher levels of
positive and lower levels of NA were associated with enhanced
orienting efficiency in older adults, but neither of them had
any influence on executive attention. Overall, the findings by
Noh et al. (2012) suggest that positive and NA may influence
attentional functioning in distinct ways, but that these patterns
may depend on the age group. Pollock et al. (2012) examined
adult age differences in processing emotional faces using a psy-
chological refractory period paradigm. Younger adults showed
significantly higher P1 responses for angry than for happy faces,
whereas older adults showed no difference, revealing another
measure on which positivity effect age-by-valence interactions
turn up; P1 is a positive event-related potential component
occurring ~100 ms post-stimulus onset, which was linked with
amygdala modulation of attention to emotional faces (Rotshtein
et al.,, 2010). Kalpouzos et al. (2012) examined what they call
the “negativity effect” or the memory advantage for negative
emotional information over neutral information. They assessed
recognition memory for neutral and negative scenes after 1 and
3 weeks in younger and older adults using fMRI. As they did not
include positive stimuli, they were unable to assess whether age-
by-valence interactions changed over multiple testing sessions.
However, they found that older participants were better able to
discriminate old from new scenes if they were neutral than neg-
ative, whereas this was not the case for younger participants.
Whereas younger adults showed changes in brain activity during
retrieval across the different retention intervals, the older adults
did not. While, overall, the effects of delay were similar across
age groups, the older adults were close to floor in their perfor-
mance by the last test, which might have reduced the ability to see
effects.

Although the positivity effect occurs in many studies examin-
ing attention and memory, it is not clear whether similar factors
influence the ability to read facial emotions. Older adults show
impaired recognition of emotions such as sadness and anger, but
they are equally good or better than younger adults at recogniz-
ing disgust (Ruffman et al., 2008). In their present contribution,
Ebner et al. (2012) provided new evidence that brain activation
patterns are similar across younger and older adults when iden-
tifying facial expressions, indicating that, on the whole, similar
PFC mechanisms are involved for both age groups. Moreover,
Biss et al. (2012) provided new evidence of an emotion-cognition
interaction that operates similarly across age groups. Their study
revealed that, for older adults, positive mood states led to greater
implicit memory for distracting words shown during a task,
an effect previously shown in younger adults. Thus, positive
affect seems to influence attention regulation similarly across age
groups.
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AFFECTIVE FACE PROCESSING, SOCIAL COGNITION, AND
PERSONALITY NEUROSCIENCE

The emerging fields of social and personality neurosciences also
provide important evidence regarding emotion-cognition inter-
actions, while furthering our understanding of the neural mech-
anisms of adaptive social behaviors and of individual variation in
the susceptibility or resilience to emotional disturbances. Human
faces are essential in conveying important social information, and
facial stimuli have been used to investigate a variety of aspects
of social cognition, from simple emotional reactions (Morris
et al., 1996) to more complex affective states (Bartels and Zeki,
2004; Nitschke et al., 2004). However, despite a long history of
investigation of basic facial emotional expressions (Ekman and
Oster, 1979), only relatively recently research has begun to con-
sider other socially relevant dimensions conveyed by faces, such
as trustworthiness (Todorov et al., 2009).

Processing of emotional (particularly fearful) faces involves
the amygdala and fast, possibly automatic, mechanisms (Whalen
et al., 1998; Sergerie et al., 2008; Adolphs, 2010; Iordan et al.,
2013); but see Pessoa (2013). However, less is known about the
immediate motor and cognitive consequences of such fast pro-
cessing. New evidence from the present collection (Bocanegra and
Zeelenberg, 2012) shows that masked fearful faces enhance the
activation and inhibition phases of motor response to a target,
even before conscious perception of the target. Evidence from
another study suggests that when identification of facial expres-
sion occurs, cognitive control mechanisms also come into play
(Ebner et al., 2012). Specifically, the authors argue that increased
engagement of the dorsomedial PFC (dmPFC) for angry faces
reflects cognitive control mechanisms involved to regulate neg-
ative emotions. Interestingly, similar findings were observed in
both young and older participants, although older participants
tended to show more extended activations of dmPFC to angry
faces, possibly reflecting increased emotion control (St. Jacques
et al., 2010).

Evaluation of emotional faces in social contexts and their
encoding into memory are needed in order to navigate in social
environments, and to decide whom to thrust and approach or to
avoid (Vrticka et al., 2009). Approach and avoidance behaviors are
of particular importance in social cognition and have been linked
to social inclusion or exclusion, as discussed in the present review
by Powers and Heatherton (Powers and Heatherton, 2012). The
authors suggest that approach and avoidance behaviors could
occur also concomitantly—e.g., people feeling social exclusion
may simultaneously employ both affiliating and defending strate-
gies in order to establish new social connections and to avoid
negative consequences of social exclusion. Regarding social exclu-
sion, the present review by Cacioppo and Cacioppo (2012) also
emphasizes that the impact of subjectively perceived isolation
is much greater than that of real isolation, and that perceived
(or experimentally induced) social isolation modulates similar
brain mechanisms to those involved in the perception of emo-
tional and social stimuli (dmPFC, temporoparietal junction—
TPJ, ventral striatum) (Cacioppo and Cacioppo, 2012). Moreover,
Masuda et al. (2012) provide evidence regarding the role of cul-
tural differences in processing social cues, and highlights the
importance of considering contextual differences in interpreting

facial signals as a function of cultural variations. Finally, by
considering three affective signals conveyed by faces (emo-
tional expressions, attractiveness, and trustworthiness), Tsukiura
(2012) proposes a model suggesting mutual interactions between
affective and memory systems, which explain why emotional
and socially relevant faces are better remembered than neutral
ones.

A long standing view is that approach and avoidant tem-
peramental/motivational tendencies are associated with patterns
of lateralization in the frontal regions, with the left side being
associated with approach and the right side with avoidance
(Harmon-Jones et al., 2010). However, as discussed in the present
review by Miller et al. (2013), recent studies provide evidence
that different sub-regions within the PFC have different roles
in various aspects of emotion processing, and therefore can
show different lateralization patterns, which may go beyond
the simple left-right frontal conceptualization initially proposed.
Other authors adopt a goal-related perspective regarding moti-
vational tendencies, and investigate behavior in terms of pro-
motion/accomplishment-oriented tendencies (planning to “make
good things happen”) vs. prevention-oriented tendencies (plan-
ning to “avoid bad things from happening”) dichotomy (Higgins,
2012). In their present investigation, Strauman et al. (2013)
provide evidence regarding the neural mechanisms underlying
activation of promotion and prevention goals by priming par-
ticipants’ own ideal and ought goals, which are mapped onto
dissociable neural substrates in healthy functioning (Eddington
et al., 2007) and are altered in clinical cohorts (Eddington et al.,
2009). Overall, the evidence emerging from these contributions
underscore the importance of considering the interplay between
emotion and cognition at various levels, from basic processing of
social cues to their integration in larger behavioral and cultural
contexts. Such integration not only influences individuals’ own
adaptive social behavior but may also have consequences on their
moral social decisions, as also discussed here by Cummins and
Cummins (2012).

STRESS, MOOD, EMOTION, AND THE PREFRONTAL CORTEX;
THE ROLE OF CONTROL IN THE STRESS RESPONSE

Another important question in the emotion literature is how
long—term affective states, such as those produced by stressful
experiences, mood manipulations, or associated with personal-
ity traits, influence cognition and behavior. It is widely accepted
that optimal levels of stress benefit cognitive functioning, whereas
extreme and/or chronic levels of stress impair it. But how much
stress is too much stress, and how do specific stressors and indi-
vidual differences influence the experienced stress and its impact
on cognitive functioning?

Novel evidence from the present collection points to both
beneficial and detrimental effects of stress and mood on cogni-
tive functioning and the associated neural mechanisms, which
are influenced by manipulations of stress hormones (Henckens
et al., 2012), personality traits indexing emotion regulation and
NA (Crocker et al., 2012; Wang et al., 2013), and previous his-
tory of stress (Wang et al., 2013), as well as by age (Biss et al.,
2012) and genetic (Qin et al., 2012) differences. Henckens et al.
(2012) provide evidence for (i) rapid effects of cortisol reflected in
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impaired selective attention and increased emotional interference,
driven by bottom-up processing in the amygdala and its inter-
action with the PFC, and (ii) slow effects of cortisol promoting
sustained attention, by reducing bottom-up driven processing in
visual brain areas and potentially leading to restoration of brain
functioning after stress. The authors propose a more adaptive
view of the impact of cortisol on attention and emotion, with an
initial effect optimizing detection of potential threat at the cost
of impaired cognitive processing, and a delayed effect normal-
izing cognitive brain functions following stress (Dolcos, 2014).
Crocker et al. (2012) points to joint and dissociable effects of
state and trait NA on attention. Specifically, when combined, state
and trait NA produced the strongest impact on performance in
an attentional task, but they were linked to different aspects of
processing—i.e., state NA was linked to excessive stimulus-driven
processing of salient irrelevant information, whereas trait NA was
linked to difficulty in engaging top-down attentional control to
deal with irrelevant information. Wang et al. (2013) show that
the impact of early-life stress on activity in the vmPFC (a region
involved in emotion control) is linked to variations in personality
traits indexing diminished (rumination) or enhanced (mindful-
ness) emotion control. This, in turn, influences susceptibility or
resilience to emotional challenges, in response to exposure to
repeated mild stressful situations, linked to reduced vs. enhanced
vmPFC activity, respectively. Finally, Qin et al. (2012) further
show that the effect of moderate stress on working memory per-
formance and PFC functioning is modulated by genetic variations
in the genes encoding the Catechol-O-methyltransferase (COMT;
an enzyme that degrades catecholamines such as dopamine,
epinephrine, and norepinephrine), with some allele combina-
tions being associated with positive whereas others with negative
effects.

Besides individual variations (Kanske, 2012; Qin et al., 2012;
Wang et al., 2013), other factors linked to available resources,
task-relevance, and top-down modulation can also explain dif-
ferential impact of affect and stress on cognition, as discussed
in the review by Cohen and Henik (2012). Moreover, Froeliger
et al. (2012) provides preliminary evidence that the engagement
in meditation practice could help avoid the negative impact of
emotion on cognition, which is consistent with the idea that the
engagement of reactive or proactive strategies of cognitive con-
trol can alleviate detrimental effects of emotion (Patterson et al.,
2012).

An interesting idea that also emerges from the present stud-
ies investigating these issues is that the effect of stress on cognitive
functioning and the associated neural mechanisms can be mod-
ulated by the feeling of control and/or the subjective experience
of stress (Buetti and Lleras, 2012; Henderson et al., 2012; Kerr
et al., 2012). Specifically, the presence of controllability can help
improve cognitive performance, when stress is perceived as mod-
erate (Henderson et al., 2012), and abolish distortions in time
perception of negative compared to positive events (Buetti and
Lleras, 2012). Moreover, the presence of controllability also affects
the PFC functioning, with the vimPFC showing increased activ-
ity during controllable anticipation response (Kerr et al., 2012).
This finding can be linked to Wang et al’s finding revealing
decreased vmPFC response in people with early-life stress and

high trait rumination (Wang et al., 2013). Interestingly, while
there is evidence that extreme subjective experience of stress can
have detrimental effects on cognitive functioning, especially in
uncontrollable situations (Henderson et al., 2012), the low per-
ceived stress in acute stressful situations can also have detrimental
effects on decision making, by favoring risky decisions (Lempert
et al., 2012), which has relevance for understanding addictive
gambling behavior.

EMOTION-COGNITION INTERACTIONS IN CLINICAL
CONDITIONS

Although the terms emotion and cognition describe concepts that
involve overlapping functions and recruit overlapping circuits
within the brain, thinking about their distinctive features and how
they interact can be quite fruitful. This is especially the case in the
domain of psychiatric disorders, where dysfunctional emotion-
cognition interactions are among the most obvious impairments.
For instance, Dolcos (2013) points out that in PTSD both the
enhancing and impairing aspects of emotion-cognition interac-
tions are exacerbated and detrimental. This statement is also true
for the majority of other psychiatric disorders. A series of original
and review articles in the present collection discuss the relation-
ship between emotion and cognition in a variety of psychiatric
disorders including, depression, PTSD, schizophrenia, autism,
Alzheimer’s disease, and substance abuse.

MAJOR DEPRESSIVE DISORDER

Major depressive disorder (MDD) has been posited to result
from dis-coordination between cognitive and affective neural sys-
tems (Mayberg, 1997), which could be a cause and/or a result
of negative affective biases, the core cognitive deficits of MDD.
In this book, Foland-Ross and Gotlib (2012) summarize evi-
dence from the literature regarding the negative bias in MDD
and note that depression is characterized by difficulty in disen-
gaging from negative material, once it initially captures attention,
rather than from rapid orientation to negative stimuli. However,
this phenomenon is not specific to depression, as also shown by
the Singhal and colleagues’ study using event-related potential
recordings in adolescents with comorbid psychiatric disorders,
such as attention-deficit/hyperactivity disorder (ADHD), anxi-
ety, or other psychiatric disorders (Singhal et al., 2012). This
study provided evidence that effortful activity is required in these
patients to redirect attention from task-irrelevant negative stimuli
to processing goal-relevant information (Singhal et al., 2012). The
negative affective bias has also been extended to emotionally pos-
itive materials (LeMoult et al., 2012). The study by LeMoult et al.
(2012) shows that when happy emotional expressions are used as
primes, healthy adults show the strongest interference, whereas
the MDD group fail to show such positive bias.

PTSD

Like depression, negative affective biases can also be found in
PTSD (Aupperle et al., 2012), and reflects difficulty in disen-
gaging from, rather than facilitated detection of, negative stim-
uli. In PTSD, however, there is also heightened trauma-related
reactivity, along with paradoxical changes in memory process-
ing (Cohen et al., 2006; Parsons and Ressler, 2013). On the one
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hand, emotionally salient traumatic memories tend to induce
uncontrolled recollection and re-experiencing of memories for
traumatic events. On the other hand, PTSD patients tend to avoid
stimuli associated with the trauma, which may induce amnesia
for details of the traumatic event (Brewin et al., 2011). All three
review articles on PTSD (Brown and Morey, 2012; Hayes et al.,
2012; Dolcos, 2013) in this book point to exacerbated enhanc-
ing and hindering effects of emotion on cognition in PTSD.
Uncontrolled recollection of distressing memories may lead to
impairment in cognitive task performance due to enhanced emo-
tional distraction (Dolcos, 2013). Furthermore, emotional inter-
ference in PTSD can be extended beyond trauma-related materi-
als to trauma-unrelated emotional materials, as emphasized in the
review by Brown and Morey (2012), who propose two disrupted
networks in PTSD, a trauma-activated network and an emotion-
activated network. There is also evidence that PTSD patients may
be more prone to falsely remembering novel information (Hayes
et al., 2012). However, in the study from the present collection
mentioned above (Steinmetz et al., 2012), PTSD patients did not
show greater emotional trade-offs (greater memory to emotional
items than neutral background) than controls or trauma-exposed
people without PTSD, unlike the trauma-exposed non-PTSD
group which showed such trade-off. More studies are needed
to elucidate these issues, and understanding the neural mecha-
nisms underlying emotional and cognitive deficits in PTSD may
provide insight for developing novel cognitive-based behavioral
therapies.

SCHIZOPHRENIA

According to Anticevic and Corlett (2012), patients with
schizophrenia have an intact ability to perceive emotion “in the
moment.” The core deficit of the illness is a dysfunction in “cold”
cognitive processes, predominantly in working memory, which is
associated with markedly reduced activity in the dIPFC in these
patients. Thus, it has been suggested that it is the dysfunction
of working memory that gives rise to difficulty in maintaining
affective/reward-related information representation in guiding
motivational behaviors. Future studies could demonstrate the
link between the lack of “maintenance” signals following affec-
tive/reward cues to deficits in future goal-directed behavior and
negative symptoms (such as anhedonia) in schizophrenia. Unlike
depressed patients who are distracted by negative information
and unable to disengage from negative events to on-going goal-
guided events, schizophrenic patients have difficulty in filtering
task-irrelevant distracting information. They tend to abnormally
assign neutral stimuli as salient and have deficits in generat-
ing appropriate prediction error signals, so that they blur the
distinctiveness of responses to events that violate vs. confirm
expectations, which could lead to delusions.

AUTISM SPECTRUM DISORDERS (ASD)

These neurodevelopmental disorders affect neural systems largely
related to social-emotional and social cognition processes. While
the field predominantly views ASD as involving deficits primarily
in the “social cognition network,” Gaigg’s present paper (2012)
questions this notion. In his review, Gaigg argues that the social
deficits in ASD could be the consequence of abnormal emotional

responses to the environment “which modulate a wide range of
cognitive processes including those that are relevant to navigat-
ing the social world.” Gaigg concludes that ASD involves relatively
preserved function in basic emotional evaluation (i.e., arousal-
related responses to emotionally salient pictures and words),
but is associated with difficulties in more complex emotional
processes related to social environment, including identification
and interpretations of emotions in others. Individuals with ASD
have difficulties in the response to ambiguous and unpredictable
events in the environment, and in learning about the emotional
significance of stimuli that predict biologically relevant events.
Gaigg posits an intriguing hypothesis that the basic amygdala
functions that are mediated by sub-cortical networks involving
sensory afferents from the thalamus and efferents to brain-stem
nuclei are preserved in ASD, but the connections with cortical
or sub-cortical regions modulating amygdala appear to be com-
promised. However, this idea needs confirmation from future
studies.

ALZHEIMER'S DISEASE (AD)

Turning to alterations in emotion-cognition interactions in clin-
ical conditions affecting later developmental stages, an intriguing
aspect concerns the possibility that relatively better preserved
emotion processing could buffer memory deficits in AD patients.
According to the present review by Klein-Koerkamp et al. (2012),
both enhancing and impairing effects of emotion on memory
can be found in AD, and that these discrepant findings could
be due to differences among studies in a number of factors,
as follows. (1) Task difficulty (easy vs. hard): tasks that are
too easy for healthy controls or too difficult for AD patients
could lead to ceiling vs. floor effect respectively, which may
obscure the memory-enhancing effect of emotion. (2) Task type
(recollection vs. recognition): typically, the memory-enhancing
effect of emotion tends to be stronger in recollection than in
recognition tasks, and hence this may also explain discrepant
findings observed in AD, depending on the tasks involved. (3)
Stimulus properties (exposure time and self-relevance): emotion-
ally intense and self-related stimuli are more likely to induce
emotional enhancement effects on declarative memory. Overall,
Klein-Koerkamp et al. (2012) emphasize that understanding the
underlying mechanisms and the factors influencing the memory-
enhancing effect of emotion on memory in AD can poten-
tially guide the development of new therapies, based on using
emotionally salient cues to enhance/guide memory in these
patients.

SUBSTANCE DEPENDENCE

The emotional disturbances commonly seen across all drug
dependencies are: (1) heightened reward sensitivity to drug-
related stimuli (incentive sensitization), (2) reduced sensitivity
to natural reward stimuli, and (3) weakened cognitive con-
trol, reflected in diminished PFC engagement and heightened
sensitivity in the brain’s stress systems that respond to threats
(Murphy et al., 2012; Volkow et al., 2013). In their contribu-
tion to the present collection, Murphy et al. (2012) argue that
the baseline dopamine levels in these patients are low, and when
drug cues (but not natural reward stimuli) are presented, high
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levels of dopamine are released, which results in drug crav-
ing. This suggests an overall reward deficiency (reduced sensi-
tive to natural reward stimuli) but sensitized reward systems to
drug cues in substance dependence. Murphy et al. (2012) also
propose that emotional dysregulation could be the causal fac-
tors for impulsive behavior and poor decision—making in these
patients.

As we have reviewed how disturbances of emotion-cognition
interactions result in various types of disorders, we cannot neglect
the significant role of puberty in the maturation of emotion-
cognition interactions (Ladouceur, 2012). One factor during
puberty could be related to changes in the production of sex
hormones, which can affect the response to emotionally salient
distractors, possibly because of the influence of sex hormones
on the functional connectivity of PFC regions. Another impor-
tant factor that affects the maturity of the affective and cognitive
systems is early-life stress. It has been well-documented that early-
life stress is associated with psychiatric disorders in adults. Here,
Flynn and Rudolph (2012) provide new evidence that maternal
depression (but not anxiety) predicts increased negative bias in
adolescents with high levels of interpersonal emotional reactivity.
However, maternal depression does not predict cognitive biases
in those exhibiting low levels of interpersonal emotional reactiv-
ity during adolescence. This finding that maternal depression but
not maternal anxiety predicts negative bias needs replication to
elucidate the mechanisms of possible “depression transmission.”
Examination of the impact of sex hormones, genetic changes, per-
sonality, and of early-life stress on the development and maturity
of emotional and cognitive systems are all active research areas,
which may shed light on the neural mechanisms and potential
treatment for psychiatric disorders, which tend to onset during
early developmental stages.

One of the critical issues hampering clinical diagnosis for
psychiatric disorders using objective measures (biomarkers) is
the heterogeneous manifestations of the mental disorders. There
is a need for new models to better accommodate large indi-
vidual variance. In his review article, Northoff (2012) proposes
an interesting theory that our awareness of emotional feelings
is determined by the body-environment relation, which may
be translated through neural activity. Although there are con-
siderable variations in disruptions of psychological processes
among the clinical conditions discussed above, to some degree
all these disorders have dysfunctions in the prefrontal-striato-
limbic-thalamus networks. Hence, Northoff (2012) proposes that
it is necessary to study these disorders together under a new
comprehensive model, such as the frame of body-environment
relationship. The proposed framework has important empiri-
cal and conceptual implications, and ideally future approaches
will also involve systematic studies linking abnormal findings
at molecular/cellular, system, and psychological levels, to better
understand the neuropathology of different psychiatric disorders
(Anticevic and Corlett, 2012).

Overall, as illustrated by the present collection of contribu-
tions, emotion-cognition interactions can be identified at different
levels of processing, from perception and attention to long-term
memory, decision making processes, and social cognition and behav-
ior. Notably, these effects are subject to individual differences that

may affect the way we perceive, experience, and remember emo-
tional experiences, or cope with emotionally challenging situations.
Moreover, these opposing effects tend to co-occur in affective disor-
ders, such as depression and PTSD, where uncontrolled recollection
of and rumination on distressing memories also lead to impaired
cognition due to emotional distraction. Understanding the nature
and neural mechanisms of these effects is critical, as their exacer-
bation and co-occurrence in clinical conditions lead to devastating
effects and debilitation. Hence, bringing together such diverse con-
tributions has allowed not only an integrative understanding of the
current extant evidence but also identification of emerging directions
and concrete venues for future investigations.
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Human emotions are considered here to be founded on motivational circuits in the brain
that evolved to protect (defensive) and sustain (appetitive) the life of individuals and species.
These circuits are phylogenetically old, shared among mammals, and involve the activation
of both subcortical and cortical structures that mediate attention, perception, and action.
Circuit activation begins with a feature-match between a cue and an existing represen-
tation in memory that has motivational significance. Subsequent processes include rapid
cue-directed orienting, information gathering, and action selection — What is it? Where is
it? What to do? In our studies of emotional perception, we have found that measures that
index orienting to emotional cues generally show enhanced circuit activation and response
facilitation, relative to orienting indicators occasioned by affectively neutral cues, whether
presented concurrently or independently. Here, we discuss these findings, considering
both physiological reflex and brain measures as they are modulated during orienting and
emotional perception.

Keywords: emotion, attention, orienting, psychophysiology, interference, competition

INTRODUCTION
Cues that signal danger or reward reflexively activate fundamental
motivational circuits prompting heightened orienting and atten-
tion, facilitating the selection and implementation of appropriate
action (Lang et al., 1997). In studies of emotion, therefore, many of
the dependent measures that are regularly monitored, measured,
and modulated are those traditionally considered to be compo-
nents of the orienting response. It was Pavlov who first defined the
“investigatory reaction” as a reliable behavioral pattern in which
animals oriented receptors (ears, eyes, etc.) toward any novel stim-
ulation (Pavlov, 1927). Later variously called the “novelty reflex,”
the “exploratory reflex,” or the “orienting reflex” (or reaction) — this
“what is it” response facilitated perceptual identification of a new,
unexpected cue. Sokolov (1963 ) later reformulated the conceptasa
neuronal model in which orienting was a neurophysiological reac-
tion to changes in the perceptual array. In this broader view, novel
stimuli induce physiological changes in autonomic, somatic, and
central systems that he collectively called the orienting response.
Subsequent research has confirmed that novel stimuli prompt
orienting and that reactivity is heightened if cues are made “sig-
nificant” through task-relevance and/or instructions. A number of
researchers noted, however, that emotional cues seemed to elicit
more pronounced orienting even in the absence of specific tasks or
instructions (Bernstein, 1979; Maltzman, 1979; O’Gorman, 1979).
These cues intrinsically activate motivational circuits, prompt-
ing what has been dubbed “natural selective attention” (Bradley,
2009). Thus, traditional measures of orienting, such as skin con-
ductance, heart rate deceleration, pupil dilation, and modulation
of the brain’s electrical activity are reliably enhanced in emotional
perception. Pictures are particularly effective cues in activating
motivational circuits, as these visual stimuli share many of the sen-
sory and perceptual features with the actual object. This is vividly

illustrated in phobic individuals, for whom a picture of a snake
can prompt strong physiological reactions (Globisch et al., 1999;
Ohman and Mineka, 2001; Sabatinelli et al., 2001) that mirror an
actual encounter.

From a methodological viewpoint, the cues in a perceptual
array at any moment can be roughly characterized as (1) cues
that activate defensive and appetitive motivational circuits (i.e.,
“emotional” stimuli), and therefore are intrinsic targets of focal
processing, and (2) cues that do not have strong, intrinsic motiva-
tional associations (i.e., “neutral” stimuli) that are not intrinsically
focal and have not been made targets for focal processing on
the basis of conditioning, task relatedness, or simple instruction.
Functionally, then, the perceptual arrays used in emotion studies
can include concurrent presentation of any of these stimulus types,
and one or more cues may be the focus of measurement. In this
brief review, we report data from our studies of picture perception
which illustrate that measures that index orienting to emotional
cues are reliably enhanced when presented in the context of neu-
tral cues, whether focal or not; and that neutral cues (task-focal or
simply concurrent) tend to show a diminished orienting response
when presented in the context of emotional cues.

OCULOMOTOR ORIENTING

As Pavlov noted, orienting is associated with behavioral adjust-
ments that direct relevant sense organs toward focal cues. In
visual perception, eye tracking studies have shown that emotional
cues systematically modulate the motor control of this receptor
organ: focal processing of emotional pictures prompts a signifi-
cantly greater number of fixations than processing neutral images,
and this pattern is found regardless of whether pictures depict
simple figure-ground compositions or perceptually more complex
scenes (Bradley et al., 2011). Moreover, affectively engaging cues
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are scanned more broadly, with larger distance between successive
fixations, which again is found regardless of perceptual com-
plexity. When an emotional picture and a neutral picture are
presented together in a perceptual array, affective cues draw a
greater number of fixations, resulting in overall longer viewing
duration; when multiple emotional cues comprise the percep-
tual array, those that are rated as most arousing (e.g., erotica,
violence) draw a great number of fixations that are of longer
duration (Bradley et al., unpublished manuscript). Overall, emo-
tionally arousing cues preferentially determine ocular movements,
affecting both the duration and breadth of information gather-
ing, simultaneously reducing processing of neutral cues in the
perceptual environment.

AUTONOMIC NERVOUS SYSTEM REACTIVITY

Increase in palmar and plantar sweat gland activity is a clas-
sic physiological component of the orienting response (Sokolov,
1963; Maltzman, 1979). When measured via changes in the elec-
trical resistance of the skin of the palm, even neutral pictures,
when novel, prompt modest conductance increases, as illustrated
in Figure 1A (Bradley, 2009). However, electrodermal changes
are significantly elevated when viewing novel pleasant or unpleas-
ant neutral pictures (Figure 1A; Lang et al., 1993). Moreover,
pupil dilation shows a similar pattern: following a brief, obligatory
pupil constriction associated with the light reflex, pupil diam-
eter during orienting shows significantly greater dilation when
viewing pleasant or unpleasant, compared to neutral, pictures
(Bradleyetal.,2008). For both pupil dilation and skin conductance
activity, orienting reactions are largest for the most emotionally
arousing cues.

The close relationship between orienting responses in pupil
diameter and skin conductance is consistent with the fact that
both are mediated by sympathetic nervous system activity (Bradley
et al., 2008). In the view presented here, these autonomic reac-
tions begin when a motivational cue is processed in visual cortex
and activates the basolateral and then the central nucleus of the
amygdala, which subsequently projects to the lateral hypothala-
mus, prompting broad engagement along the sympathetic chain,
including neural connections to the rapidly dilating pupil, as well
as to the more slowly responding palmar sweat glands. One func-
tion of sympathetic nervous system activity is to prepare the
organism for potential action.

A classic measure of orienting is heart rate deceleration (Gra-
ham and Clifton, 1966; Lang et al,, 1997), mediated by the
parasympathetic branch of the autonomic nervous system (ANS).
Heart rate orienting is characterized by a rapid, brief decelera-
tion to any novel stimulus. When emotional pictures are pre-
sented, however, the deceleration can be deep and prolonged (see
Figure 1A), particularly when viewing aversive stimuli. Although
the sympathetic and parasympathetic branches of the ANS were
once thought to be wholly reciprocal, it is now understood
that they can be co-active depending on the stimulus context
(Berntson et al., 1994). This is clearly seen during orienting,
which involves motor inhibition (other than that necessary for
directing sense organs) accompanied by heart rate deceleration.
Because cardiac deceleration is quickly eliminated when the same
picture is re-presented, it may reflect the sensory intake and
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FIGURE 1| (A)Temporal dynamics of orienting in heart rate and skin
conductance during emotional perception, with heightened cardiac
deceleration and electrodermal reactivity when viewing emotional,
compared to neutral, pictures. (B) The amplitude of the P3 component
elicited by the presentation of an irrelevant acoustic probe during picture
perception is inversely related to the amplitude of the late positive potential
elicited by the picture itself. Larger late positive potentials, indicative of
greater resource allocation to emotionally arousing cues, is associated with
less resource allocation to the probe, resulting in smaller probe P3s.

information gathering function of orienting to novel or significant
cues (Bradley, 2009).

When a cue indicates the necessity of immediate action, on
the other hand, cardiac deceleration reverses and overall sym-
pathetic cardiac control is asserted, prompting acceleration. In
a recent experiment (Low et al., 2008), picture cues were pre-
sented sequentially, signaling increasingly imminent receipt of
reward or loss that was dependent on the participant’s response
time. In this perceptual context, skin conductance increased pro-
gressively in tandem with progressively decreasing heart rate until
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the penultimate signal for action. At that point, deceleration was
replaced by cardiac tachycardia and a yet steeper increase in
conductance until the action was accomplished. Taken together,
then, enhanced orienting can be associated with either increased
or decreased reactivity, depending upon the specific measure of
orienting that is monitored.

THE LATE POSITIVE POTENTIAL

A number of different event-related potentials (ERP) have been
linked to orienting and attention, including the P300 (P3), process-
ing negativity, and a late positive complex (Ruchkin and Sutton,
1983; Donchin et al.,, 1984). An early central index of orienting,
called the “orienting” wave (or “O-wave”) showed a slow posi-
tive change over central-parietal sensors when processing novel or
significant stimuli (Connor and Lang, 1969; Loveless and Sanford,
1974; Rohrbaugh and Gaillard, 1983). A similar slow potential that
shows enhanced positivity over centro-parietal sensors is the most
reliable ERP modulated by hedonic content when emotional pic-
tures are focal cues (e.g., Palomba et al., 1997; Cuthbert et al., 2000).
This late positive potential is most enhanced for pictures rated
highest in emotional arousal, regardless of whether they depict
appetitive (e.g., erotica) or aversive (e.g., violence) hedonic content
(Schupp et al., 2004). Directing attention to a focal cue through
task-relevance, whether emotional or neutral, prompts a signifi-
cantly enhanced late positive potential (Ferrari et al., 2008). Unlike
the cardiac component of the orienting response, the late posi-
tive potential continues to be enhanced when viewing emotional,
compared to neutral, pictures, even following multiple contiguous
repetitions (Ferrari et al., 2011), suggesting that this component of
the orienting response may index motivational activation, which
does not change with mere stimulus repetition (Bradley, 2009).

PROBING PERCEPTUAL ORIENTING

In addition to measures which directly reflect enhanced orienting
to emotional cues, perceptual processing can be probed by pre-
senting brief, discrete acoustic stimuli (e.g., tones or noise bursts)
during picture viewing, and measuring a variety of orienting
responses to the secondary probe stimulus. One electrophysio-
logical index of orienting is the amplitude of a centro-parietal P3
component: when an emotional (pleasant or unpleasant), com-
pared to neutral, picture is the focal cue, the amplitude of the P3
elicited by the acoustic probe is attenuated, suggesting reduced ori-
enting to concurrent cues presented during emotional perception
(Schupp et al., 1997). Interestingly, the same pattern of reduced
P3 amplitude is found when acoustic probes are presented during
perception of pleasant and unpleasant environmental sounds (Keil
etal.,2007), suggesting that attenuated orienting to secondary cues
is not restricted to cross-modal contexts.

Another measure of probe processing — speeded reaction time
in a simple detection task — is also consistent with attenuated per-
ceptual processing of the probe during emotional perception. The
speed of concurrent probe detection is significantly slower when
viewing emotional, compared to neutral, pictures (Bradley et al.,
1999), particularly immediately after picture onset, when orienting
is maximal. For the reaction time measure, differences in speed of
responding disappear about 1 s after picture onset, whereas, inter-
estingly, probe P3 amplitude continues to discriminate between

processing of emotional and neutral pictures for up to 4s fol-
lowing picture onset (Bradley et al., 2008), suggesting that these
measures of probe processing reflect different facets of phasic and
sustained orienting activity.

When probe P3 amplitude is assessed as it varies with the late
positive potential that indexes orienting to the focal picture, an
inverse relationship is found as illustrated in Figure 1B, with larger
LPPs associated with smaller probe P3s, indicative of a trade-off in
which heightened attention to the picture results in fewer resources
available for processing the probe. Unlike the late positive poten-
tial, however, which continues to be modulated following picture
repetition, probe P3 amplitude is no longer different when viewing
emotional, compared to neutral, pictures after multiple contiguous
repetitions (Ferrari et al., 2011), suggesting that this component
of the orienting response may index resource allocation, which is
expected to diminish with stimulus repetition.

STEADY-STATE VISUAL EVOKED POTENTIALS: PROCESSING
FOCAL CUES

Perception of motivationally relevant cues is reliably associated
with heightened activity of the visual cortex (Desimone, 1996).
Both functional neuroimaging (e.g., Kastner and Ungerleider,
2000) and animal studies of selective attention (e.g., Reynolds
et al., 1999) have garnered empirical support for this hypothesis
by studying visual responses to significant stimuli in both humans
and animals. The visual sensory response to a perceptual cue such
as a picture can be easily measured using the ssVEP, a continu-
ous oscillatory brain response elicited by a visual stimulus which,
when rapidly brightness-modulated (flickered), prompts electrical
activity at the same frequency as the flickered stimulus. The ssVEP
can be measured in the EEG by sensors placed over the occipi-
tal cortex, and the evoked neural activity subsequently precisely
defined in the frequency and time-frequency domains.

Enhanced ssVEP amplitudes to visual stimuli are reliably
observed as a function of instructed attention (Muller et al., 2006).
However, as with other measures of heightened attention and
orienting, the ssVEP elicited by flickering emotional pictures is
heightened in amplitude in the absence of instructions or task-
relevance. In a first study (Keil et al., 2008), participants simply
viewed pictures flickering at a rate of 10 Hz, which included
emotional cues that depicted pictures of erotic couples, families,
mutilated bodies, and attack scenes, as well as pictures of every-
day events and objects. The amplitude of the ssVEP signal was
reliably enhanced when processing emotional, compared to neu-
tral, pictures over both occipital, and parietal electrode sites (see
Figure 2A).

To the extent that the ssVEP is generated in extended visual cor-
tex, these findings may be taken as evidence for sensory facilitation
when a stimulus engages motivational systems, in line with a num-
ber of fMRI studies showing heightened activation in visual cortex
for motivationally relevant cues (Lang et al., 1998; Bradley et al,,
2003). Accordingly, the extent of activity in visual cortex during
picture viewing is explained to a large extent by intensity of emo-
tional arousal, measured either by ratings of affect or by the skin
conductance orienting response (Keil et al.,2008). When examined
using advanced time-series statistics (Keil et al., 2009), the spatio-
temporal information inherent in the ssVEP points to recurrent,
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compared to neutral pictures [(A); redrawn from data in Keil et al.,
2008]. Conversely (B), the ssVEP is reduced when evoked by a focal task
stimulus that competes with an emotionally engaging distractor (data from
Wieser et al., 2012). This interference lasts between several hundreds of
milliseconds and several seconds, depending on the complexity and
strength of the distractor and the primary task (Mdller et al., 2008).

bi-directional information flow from anterior brain areas back
into visual cortex, suggesting widespread orienting activity.

Supporting the idea that sensory facilitation for emotionally
engaging cues arises as a consequence of recurrent information
flow between sensory areas and motivational circuits (Lang, 1979;
Sabatinelli et al., 2009), the ssVEP amplitude is also modulated
following classical aversive conditioning. Thus, perceptual pro-
cessing of a neutral CS+ (the conditioned stimulus predicting
the aversive unconditioned stimulus) is enhanced, compared to
the CS— following contiguous pairing (Moratti and Keil, 2005).
Across studies, results show that the enhanced sensory ssVEP for
the CS+ parallels the development of broader defense activation,
indexed by augmented heart rate orienting and skin conductance
increase (Moratti et al., 2006).

STEADY-STATE VISUAL EVOKED POTENTIALS: COMPETITION
One advantage of the steady-state potential technique is that
it allows one to tag different cues in the perceptual array by
flickering them at different rates. Such frequency tagging yields
separable signals even for stimuli that spatially overlap. In addi-
tion, time-frequency analyses can describe the time course of
perceptual processing to a specific focal or secondary cue in a
perceptual array, assessing facilitation, or interference (Wieser and
Keil,2011). Several studies have used this technique to assess effects
of concurrent emotional “distractors” on visual processing of neu-
tral cues. For instance, Miiller et al. (2008) recorded ssVEPs in
response to clouds of randomly moving flickering dots (i.e., ran-
dom dot kinematograms) in which observers were instructed to

detect instances of non-random, coherent movement in a subset
of dots. These kinematograms were superimposed on pleasant,
unpleasant, neutral, or scrambled pictures, and participants were
instructed that the pictures were irrelevant to the focal task.
The amplitude of the ssVEP elicited by the dots was reduced
for extended periods of several hundreds of milliseconds, when
distractors were pleasant and unpleasant pictures, compared to
neutral or scrambled pictures (see Figure 2B).

Inarelated study, participants performed a foreground task that
required detection of pattern changes in a black-and-white grating
that was spatially superimposed on emotional or neutral pictures.
The grating and the pictures were tagged at different frequen-
cies (Wieser et al., 2012). Again, the ssVEP evoked by the neutral,
task-relevant Gabor grating was reliably diminished specifically
for affectively engaging pictures, as illustrated in Figure 1B. Both
studies converged in terms of the time course of these distractor
effects, showing a decrease in both target detection accuracy and
ssVEP amplitude diminution that lasted for approximately 800 ms
after stimulus onset (see Figure 1B). Suppressive or interfering
effects of an emotionally engaging distractor also often affect sub-
sequently presented stimuli. Behaviorally, this is evident in RSVP
paradigms, in which detection of a neutral target is impaired
when it appears between 200 and 800 ms after a task-irrelevant
emotional distractor (Most et al., 2005; Thssen et al., 2007).

ENDNOTE
Taken together, then, a number of the traditional measures used as
evidence of affective engagement in studies of emotional percep-
tion index the heightened orienting and attention that we suggest
reflects activation of defensive or appetitive motivational systems
that have evolved to support survival. Adjustment of sensory
receptors, enhanced resource allocation, and dedicated perceptual
processing are initiated in the service of stimulus identification
and preparation for action. Here, we suggest that a critical variable
determining whether emotion facilitates or inhibits orienting in
emotional perception is the selected dependent measure: measures
that index orienting to emotional cues tend to show enhance-
ment and facilitation when these cues are present in the perceptual
array — whether as intrinsically focal cues or as concurrent “dis-
tractors.” On the other hand, orienting indicators occasioned
by affectively neutral cues, whether presented concurrently or
independently, tend to show attenuation and interference.
Orienting is not a unitary response, and the rate at which spe-
cific components change, as well as their timing, often varies with
the dependent measure under investigation. Thus, modulation by
emotion can be phasic or sustained, immediate or delayed, pre-
sumably reflecting the specific function of different components of
the orienting response (Bradley, 2009), and adding complexity in
understanding effects of emotion during perception. Differential
effects of stimulus repetition on specific components of the ori-
enting response provide information which can assist in inferring
their function as information intake, vigilance, resource allocation,
preparation for action, and other processes mediating perception
and action (Bradley, 2009). Importantly, orienting is primarily a
hallmark of emotional perception, and emotional modulation of
higher-level cognitive domains, such as memory, decision-making,
and regulatory processes will likely have different dynamics.
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From a cognitive viewpoint, the data presented here are consis-
tent with the conceptualization that perceptual processing draws
on a limited pool of shared resources (Deutsch and Deutsch, 1963)
in which cues that activate motivational systems naturally utilize
more resources, resulting in measurable trade-offs for concurrent
cues. From a neurophysiological perspective, the same recipro-
cal pattern is often conceptualized as reflecting competition in
dedicated neural circuits (Shafer et al., 2012), in which cues of
high motivational relevance have priority. Although stated at dif-
ferent levels of analysis and using different semantic terms, both
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In natural vision both stimulus features and cognitive/affective factors influence an
observer's attention. However, the relationship between stimulus-driven (“bottom-up”) and
cognitive/affective (“top-down") factors remains controversial: Can affective salience coun-
teract strong visual stimulus signals and shift attention allocation irrespective of bottom-up
features? Is there any difference between negative and positive scenes in terms of their
influence on attention deployment? Here we examined the impact of affective factors on
eye movement behavior, to understand the competition between visual stimulus-driven
salience and affective salience and how they affect gaze allocation in complex scene
viewing. Building on our previous research, we compared predictions generated by a
visual salience model with measures indexing participant-identified emotionally meaning-
ful regions of each image. To examine how eye movement behavior differs for negative,
positive, and neutral scenes, we examined the influence of affective salience in capturing
attention according to emotional valence. Taken together, our results show that affective
salience can override stimulus-driven salience and overall emotional valence can determine
attention allocation in complex scenes. These findings are consistent with the hypothesis
that cognitive/affective factors play a dominant role in active gaze control.

Keywords: affective salience, visual salience, eye movements, attention, top-down, bottom-up, stimulus-driven,

regions of interest

INTRODUCTION

In natural vision human observers sequentially allocate focal atten-
tion to sub-regions of a scene (James, 1890). Such attention shifts
are typically associated with eye movement behavior (Rizzolatti
et al., 1987). Previous research shows that both visual stimulus-
driven (“bottom-up”) and cognitive/affective (“top-down”) fac-
tors influence the competition for a share of our limited attention
(Corbetta and Shulman, 2002).

Bottom-up visual salience models explain guidance of eye
movements based on the concept of a visual salience map (Koch
and Ullman, 1985; Findlay and Walker, 1999). Shifts of attention
and eye movements are initiated toward the point with the highest
salience, which is then inhibited so that attention can be disen-
gaged and be moved to the next most salient location. In this
way, these visual salience models suggest a control mechanism for
dynamically targeting eye movements. These models suggest that
low-level feature discontinuities represented in the salience map
can explain a significant proportion of where people look. Thus
they specify filters that quantify visual conspicuity, a measure of
what is perceived as significantly distinct from its local background
of each part of the scene.

Computational models have been developed with two types of
approaches. The first uses known properties of the visual system
to generate a salience map. In these models, the visual properties
present in an image generate the visual salience map that explicitly
marks regions that are different from their surround such as color,
intensity, contrast, and edge orientation (Koch and Ullman, 1985;

Itti and Koch, 2000; Parkhurst et al., 2002; Torralba, 2003), con-
tour junctions, termination of edges, stereo disparity, and shading
(Koch and Ullman, 1985), and dynamic factors such as motion
(Koch and Ullman, 1985; Rosenholtz, 1999). The Itti and Koch
(2000) model is frequently cited on behalf of this type of com-
putational visual salience model. A second approach uses scene
statistics to determine the relative visual salience of regions of a
scene. In this approach local scene patches surrounding fixation
points are analyzed to determine whether fixated regions differ
in some image properties from regions that are not fixated. For
example, high spatial frequency content and edge density have
been found to be somewhat greater at fixated than non-fixated
locations (Mannan et al., 1996, 1997). Furthermore, local contrast
is higher and two-point intensity correlation is lower for fixated
scene patches than control patches (Reinagel and Zador, 1999;
Krieger et al., 2000; Parkhurst and Niebur, 2003). The spectral
residual (SR) method (Hou and Zhang, 2007) is an example of
this type of computational visual salience model. It is based on the
principle that the human visual system tends to suppress responses
to frequently occurring features, while at the same time remain-
ing sensitive to features that deviate from the norm. In a previous
study (Niu et al., 2012) we compared the capacity of classical Itti
bottom-up model and the SR model in predicting eye fixations.
Results confirmed that the SR model does a better job at predicting
attention allocation than the classical Itti model.

Yet there is evidence that visual salience does not account for
all aspects of a scene that bias attention. For example, semantic
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meaning and social relevance of elements within a scene also
influence allocation of overt attention. A recent study showed
that visual salience could not fully account for where observers
look within social scenes (Cerf et al., 2008, 2009). Cerf et al.
showed that the model that best predicted where observers fixated
within scenes was a salience model combined with a face-detection
model. This combined-model outperformed the salience model
alone. Birmingham et al. (2009a,b) also demonstrated that, when
asked to look at a visual scene that includes human faces, par-
ticipants most frequently fixate on the eyes — a tendency that is
not accounted for by computationally modeled bottom-up visual
salience. These studies shed light on attentional biases favoring
faces and eyes, which cannot be fully explained by the stan-
dard bottom-up visual salience models. Thus it is not only visual
conspicuity that preferentially commands attention in a complex
visual scene.

The affective salience, or motivational importance, of a stimu-
lus may also influence the relatively reflexive allocation of atten-
tion. Affective salience engages resources based on the motiva-
tional importance of a stimulus in relation to the long-term
goals of approaching pleasure or avoiding pain (Todd et al,
2012). Arousal enhanced perceptual learning of salient stimuli but
impaired perceptual learning of non-salient stimuli (Lee et al,
2012). Many studies have demonstrated that attention is prefer-
entially allocated to affectively salient relative to neutral stimuli
(LaBar et al., 2000; Rosler et al., 2005; Knight et al., 2007). This
bias favoring emotional stimuli even occurs under direct instruc-
tions to ignore the arousing items (Nummenmaa et al., 2006).
Affective salience has also been found to increase viewing dura-
tion for both pleasant and unpleasant scenes (Lang et al., 1993)
and to capture greater initial attention as well as inhibit subsequent
disengagement from a stimulus location (Mogg and Bradley, 1999;
Fox etal.,2002). In arecent study, when neutral background scenes
were edited to contain a single emotionally salient object and a sin-
gle visually salient object (Humphrey et al., 2012), more fixations
were allocated to affectively salient than visually salient objects.
Another recent study found tradeoffs between the influence of
visual salience and the reward-punishment value of saccade loca-
tions, with value overriding visual salience in attracting saccades
at latencies over 184 ms (Schutz et al., 2012). Finally, our own
research has revealed that viewers are more likely to fixate emo-
tionally salient than visually salient regions of complex scenes (Niu
etal., 2012).

While our previous study demonstrated that observers’ atten-
tion to affectively salient regions in a scene is influenced by the
emotional valence and arousal of such stimuli, it did not quan-
tify the extent to which the fixations allocated to affectively salient
regions are associated with arousal measures. Furthermore, we do
not know whether there was a specific bias to look at the affec-
tively salient regions of negatively valenced images. Yet a further
question related to the specific stage of visual processing at which
emotional factors start to influence eye movement behavior in
scene viewing. In summary, no study has examined explicitly the
role that emotional salience plays in eye movement behavior. The
present study set out to address precisely this issue.

In the present study we measured eye movement fixations
during free viewing of negative arousing, positive arousing, and

neutral scenes in order to capture the allocation of overt attention
during naturalistic scene viewing. Building on previous research,
we employed item analysis to investigate the influence of emotional
valence and arousal on eye movement behavior within scenes. We
hypothesized that: (1) Emotional valence of a scene would influ-
ence patterns of attention allocation to salient regions within the
scene, and (2) participant arousal ratings for each scene would
predict the level of attention allocated to affectively salient relative
to visually salient regions within the scene.

MATERIALS AND METHODS

PARTICIPANTS

Participants were 50 young adults (24 female, 18—40 years), with
normal or corrected to normal vision and no history of neurolog-
ical problems, recruited from the University of Toronto campus.
Twenty five participants (12 Female) participated in the main eye
tracking experiment. Three subjects were excluded from the eye
tracking experiment due to eye tracker drifting error, and eye
movement data from 22 participants were used. Twenty five partic-
ipants (12 Female) performed a separate affective salience region of
interest generation task. All subjects gave written informed consent
for participation.

STIMULUS MATERIALS

Twenty five negative and 25 positive photographs were taken from
the International Affective Picture System (IAPS). Twenty five
neutral photographs were retrieved from the internet as well as
the IAPS. Positive and negative images were selected to be simi-
lar in overall arousal levels. Positive, negative, and neutral images
were equated in log luminance, F(2, 72) < 1, and RMS contrast,
F(2, 72) < 1, which were computed using the Image Processing
Toolbox packaged with Matlab 7.0. Positive and negative images
were selected to be equivalent in standardized ratings of emotional
arousal (emotional salience). Scene complexity and difficulty of
figure ground segregation were also rated by a separate set of par-
ticipants. Participants were asked to rate how difficult it was to
discriminate the focal figure of the scene from the background
on a scale of 1-7, as well as the composition of each image on
from simple to busy or complex on a scale of 1-7. Negative, pos-
itive, and neutral images also did not differ in difficulty of figure
ground discrimination, F(2,72) < 1, p > 0.5, or scene complexity
(scale of 1-7), F(2,72) < 1, p=0.5, whether they contained sin-
gle vs. multiple objects, F(2, 72) < 1, or in the number of human
figures, F(2,72) <1, p > 0.6.

EYE TRACKING EXPERIMENT

Apparatus

Eye movement recoding experiments were programmed in Exper-
iment Builder and analyzed in DataViewer (SR Research). Eye
movements were recorded using an infrared eye tracking desktop
monocular system — EyeLink 1000 (SR Research, Mississauga, ON,
Canada). Stimuli were shown on a 21W ViewSonic G225f mon-
itor positioned 63 cm away from the participant, with a refresh
rate of 140 Hz. Participants sat in front of the computer monitor
and a chin rest was used to limit head movements. Throughout
the experiment, the observer’s right eye position was recorded and
sampled at a rate of 1000 Hz. Pictures were presented at a visual
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angle of 11.17° x 8.37°. We used the manufacturer’s software for
calibration, validation, drift-correction, and determining periods
of fixation. A nine-point calibration was performed at the start
of the experiment followed by a zero-point calibration accuracy
test. An additional drift-correction was performed whenever an
observer failed to fixate within about 1.4° — (50 pixels) of an initial
central fixation cross within 5 s. In all experiments and conditions,
each trial started with a central fixation cross which observers had
to fixate for 500 ms to trigger stimulus onset.

Experimental procedures

After informed consent and a brief practice session, partici-
pants performed the free viewing task while eye movements were
recorded. Following calibration and validation, participants were
shown each of the 75 images in a randomized sequence. Each
image was shown for 2 s, and was preceded and succeeded by 2 s of
black screen to minimize the possibility of proactive or retroactive
interference, making each trial 6 s in length (2 s blank — 2 s stimu-
lus — 2 s blank). Prior to presenting the stimulus, drift-correction
was performed to ensure consistency across all trials. Because pilot
data indicated that even simple cognitive or memory tasks could
alter the participants’ eye movement pattern and fixation com-
pared to a free viewing condition, participants were instructed
to view the pictures in a natural manner. To guarantee consis-
tent performance and to maintain concentration throughout the
entire testing period (up to 20 min), participants were given two
mandatory breaks after the 25th and the 50th trial.

AFFECTIVELY SALIENT REGIONS OF INTEREST GENERATION TASK
Procedure

In order to generate regions of interest (ROIs) reflecting the most
affectively salient regions of each image used in the task, partici-
pants were shown each of the 75 photo stimuli in a randomized
sequence. For each image, they were instructed to click the mouse
in the center of each of the five parts of each picture that were
the most emotionally charged in order of intensity (from most
intense to least intense). Participants were instructed as follows,
“You will be shown a series of images. We want to know which
parts of each image you find to be the most emotionally impor-
tant or arousing. Please click the mouse in the center of the five
parts of each picture that are the most emotionally charged for
you in order of intensity (from most intense to least intense). This
region could be a person or object or a part or combination of
either.”

To justify our choice of emotional salience ROIs generation
task, we did a pilot study using a different subject-determined
emotional salience ROIs task. In the pilot task participants were
asked to click as rapidly as possible on the five parts of each image
that caught their interest in order of interest. They were instructed
to “go with their guts,” and not “over think” their choices. Compar-
ison of the two tasks revealed that the ROIs created by the pilot task
were highly correlated with those chosen in the emotional salience
task despite different subjects in both studies, suggesting that what
is considered interesting is what is most affectively charged and
both tasks predicted fixation patterns better than visual saliency
maps. In order to precisely predict the xy coordinates of fixations
without pre-specifying the size or scale of the region that would be

chosen, we had participants select a single pixel rather circle whole
objects.

The coordinates of the clicked pixel were processed using two-
dimensional convolution with a 50-point Gaussian distribution
window using Matlab, and an affective salience map representing
the average affective salience value across participants was created
for each stimulus picture. Then we generated affectively salient
regions based on the affective salience map by ensuring that salient
regions comprised 10% of the total image as shown in Figure 1.
An example of 5 pixels identified by clicking each picture at the
center of the region that participants find the most emotionally
meaningful is shown in Figure 1A. Figure 1B illustrates the result-
ing affective salience map. Following the clicking task, participants
rated each image for overall affective salience using a numerical
scale from 1 (the image was not emotionally arousing) to 7 (the
image was extremely emotionally arousing).

Computational visual salience model

The SR computational model was implemented to determine the
visually salient regions in each stimulus image. The SR model (see
Appendix) was adapted by us to detect salient regions. The model
was employed to process each image and generated salience maps
that visualized salience values. We then generated visually salient
regions controlling the coverage of the salient regions (a region
with a salience value higher than threshold was considered a salient
region; a region with a salience value lower than threshold was con-
sidered a non-salient region). The salient regions covered 10% of
the total image. The choice of 10% was based on a precedent for
object-detection applications used in engineering (Frintrop et al.,
2004). This approach allowed us to compare the performance of

FIGURE 1 | Generation of affectively salient ROIs. Column (A) from top
to bottom, images categorized as: negative, neutral, or positive. Shapes
overlying the images denote spots that participants identified, via mouse
clicks, as affectively salient. Different shapes denote participants’ order of
preference. Column (B) affective salience maps, generated from
participants’ responses to images in column (A).
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visual salience and affective salience in predicting eye movement
behavior (Figure 2). Affective ROIs are shown in red (Figure 2A)
and visual salience ROISs are shown in yellow (Figure 2B).

It is often the case that emotional objects in a scene are also
visually salient. We have endeavored to separate these factors by
exploring whether emotional regions are still fixated when in com-
petition with other more visually salient regions in the picture. To
precisely examine whether emotional salience or visual salience
better predicts observed gaze allocation, rather than directly com-
paring pairs of images or editing the pictures to contain a single
emotional stimulus and a single visually salient stimulus, we used
methods for emotionally and visually salient region detection
within a scene (with emotional salience and visual salience in direct
competition). If low-level visual salience is an important factor in
attracting attention, then this should still be true when the most
visually salient object is not the most emotionally salient one.
However, if emotional arousal plays a special role in this attrac-
tion, then it could result in the kind of meaning-based override
which we have revealed in our previous study (Niu et al., 2012).

Eye tracking data
Fixations were calculated using the built-in software of the Eye-
link tracking system. A fixation was defined as anything above
70 ms — micro fixations below 70 ms were discarded. We catego-
rized fixations by their “fixation number” based on a fixation’s
position in the ordered sequence of fixations (i.e., first, second,
third). The “initial fixation” is the fixation occurring before stim-
ulus onset, when the subjects are focusing on the centered fixation
cross, and is not counted as part of the ordered sequence of
fixations.

Saccades were also determined by the eye tracking system. An
eye movement was classified as a saccade when its velocity reached
30°/s or when its acceleration reached 8000°/s?. The “saccade

FIGURE 2 | Comparison of ROIs in example positive, negative, and
neutral images. Column (A) affective ROlIs. (B) Visually salient ROls.

planning time” is the duration of time between the stimulus
onset and the initiation of the first saccade. Saccade planning
times smaller than 50 ms or greater than 600 ms were discarded
to remove outliers and artifacts.

The mean number of fixations was calculated for affectively
salient and visually salient ROIs to test predictions of eye move-
ment behavior generated by each model. For detailed investigation
of eye movement patterns predicted by the emotional category of
the image in relation to ROI generated by each model, item analy-
ses were performed examining eye movement behavior image by
image for all images used in the task.

RESULTS
ITEM ANALYSIS
Previous findings indicated that affectively salient regions over-
whelmingly elicited greater attention allocation than visually
salient regions (Niu et al., 2012). In order to further explore the
influence of emotional valence and arousal on eye movement
behavior in ROIs generated by visual vs. affective salience models,
we performed item analyses in which we examined eye movement
behavior, averaged across participants, for each of the 75 images
used in the task. To control for differences in the overall number of
fixations between image categories, we calculated the proportion
of fixations within each of the affective vs. visual salient regions
relative to the number of all fixations in a given image. These fix-
ation allocation tendency scores thus index an increased tendency
to fixate in one type of ROL

We first compared fixation allocation tendency scores in affec-
tive and visual ROIs, image by image, as a function of participant-
rated emotional arousal (Figure 3), based on self-reported arousal
ratings for each image (see Materials and Methods). Correlational
analysis revealed that, in affective ROIs, fixation allocation ten-
dency scores were positively correlated with arousal (Figure 3A),
R=0.93, p <0.001, indicating that participants were more likely
to allocate their gaze to affective ROIs when looking at images that
were higher in overall arousal. The visual plot of the negative rela-
tion between affective salience and allocation tendency scores in
Figure 3A, R = —0.90, p < 0.001, reflects the competition between
visual and affective salience regions captured by these tendency
scores: An increased proportion of fixations allocated to affective
ROIs with increased salience is gained at the expense of fixations
to visually salient ROIs. These findings further reveal a stronger
effect of negatively valenced stimuli on fixation allocation to affec-
tive salience ROIs. Although affective salience was correlated with
the proportion of fixations allocated to affective ROIs for both
positive and negative images, the intercept for each category of
images is markedly different, revealing overall higher fixation allo-
cation tendency scores when viewing negative vs. positive images
despite equivalent arousal ratings (Figure 3B).

SEQUENCE OF FIXATIONS FOR AFFECTIVE VS. VISUAL ROIs BY
EMOTION CATEGORY

We next performed a one-way ANOVA with three emotion cat-
egory on difference scores between the proportion of fixations
allocated to each type of ROI (affective salience > visual salience).
Results revealed that the difference between the proportion of fix-
ations allocated to affectively vs. visually salient ROIs was greatest

Frontiers in Psychology | Emotion Science

September 2012 | Volume 3 | Article 336 | 29


http://www.frontiersin.org/Emotion_Science
http://www.frontiersin.org/Psychology
http://www.frontiersin.org/Emotion_Science/archive

Niu et al.

Salience effects on eye movements

A # Neutral images in Affective ROIs B Negative images in Affective ROIs
A Positive images in Affective ROIs # Neutral images in Visual ROIs
0.5
g |
0.45 ....Illl oo
8 A AAAAA
§ 0.4
>
20.35
% *
c 0.3
2
§0.25
=l
8
o 0.2
©
c0.15
o
® N
x 0.1
(VN
0.05
0 T T T T T
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
Emotional arousal
B Negative & Positive
o 0.49 -
S 047 y =0.0232x + 0.3411 -
o R*=0.79834 ® Negative images in
S 045 - = Affective ROIs
)
=] N
0 e 4 Positive images in
'é 0.41 Affective ROIs
§ 0.39 1 — Linear(Negative images
= 037 ; in Affective ROIs)
=
£ 035 — Linear(Positive images
.g 2 3 a 6 in Affective ROIs)
[
Emotional arousal
FIGURE 3 | (A) Fixation allocation tendency scores in affective and visual ROls, image by image, as a function of participant-rated emotional salience. (B)
Fixation allocation tendency scores in affective ROls for negative and positive image categories.

for negative and smallest for neutral images, F(2, 72) =276.45,
p <0.001, n? = 0.88. Pairwise contrasts showed that for each emo-
tion category ROI difference scores differed from the other two
categories (p’s < 0.001). In order to further compare the influence
of emotion category on sequential looking order in affectively vs.
visually salient ROIs, we created difference scores between fixation
allocation tendency scores for the first through the fifth fixation

in each type of ROI for each emotion category. Figure 4 illustrates
the difference between fixation allocation tendency scores in the
two ROIs as a function of ordinal fixation number, showing that
the influence of emotion category on the difference in fixations
allocated to each type of ROI remains constant across sequential
fixations. The results show that the difference in the proportion of
fixations allocated to affective vs. visual salience ROIs was greatest
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for negative images and smallest for neutral images — and that
this pattern of results remained constant from the first to the fifth
sequential eye movement, which suggests that the emotional factor
influences early on in scene viewing.

EXTENDED ANALYSIS OF EXAMPLE IMAGES
Finally, for a more fine-grained examination of fixation allocation
when emotional salience and visual salience are in direct competi-
tion, we focused on an example image from each image category,
choosing three images where there was the least amount of overlap
between the two types of ROIs. First, we investigated eye move-
ment behavior, participant by participant, for each of the three
example images. Plots in Figures 5B,D,F show the number of
participants with 1-7 fixations in affective vs. visual salient ROIs
for each of the example images. These plots illustrate the strik-
ingly higher number of fixations allocated to affective over visually
salient ROIs when there is minimal overlap between the regions.

For the “needle” image (negative stimulus case), in Figure 5A
the red curves illustrate the affectively salient regions and the yel-
low curves illustrate the visually salient regions. Here we show
data from one of the participants whose eye movement scan path
in is depicted in blue. Note that the size of the circle denotes
the fixation duration and the arrow illustrates sequences of fix-
ations. Figure 5B illustrates the greater number of participants
with 1-6 fixations in affective vs. visual salience ROIs, revealing
the advantage for affective ROIs for this image.

For the “couple” image (positive stimulus case), we again see
in Figure 5C the affectively and visually salient regions, as well as

the scan path of one of the participants. In Figure 5D we can still
observe a greater number of fixations allocated in affective than
in visually salient ROIs (although it is less pronounced than in the
negative stimuli case Figure 5B).

For the “escalator” image (neutral stimulus case) the emotion-
ally and visually salient regions are illustrated in Figure 5E. From
Figure 5F we can observe a marginally greater number of fixations
allocated in affective than in visually salient ROIs.

We next generated fixation allocation tendency scores across all
participants for the example negative, positive, and neutral images,
as shown in Figure 5G. These pie charts further illustrate the find-
ing we report from the previous item analysis of all 75 images:
When visual and affective salience compete, participants are most
likely to allocate fixations to affectively salient ROIs in images with
an overall negative valence in the absence of overlap between visual
and affective salience.

Summary

Results of the item analysis revealed that, image by image, the pro-
portion of fixations allocated to affective relative to visual salience
ROIs was strongly associated with higher ratings of arousal: View-
ing more arousing stimuli increased the likelihood of fixating in
emotionally salient regions. This was true of both positive and
negative images. Moreover, the difference in the proportion of fix-
ations allocated to affective vs. visual salience ROIs was greatest
for negative images and smallest for neutral images. This pattern
of results remained constant from the first to the fifth sequen-
tial eye movement, suggesting patterns of attention allocation are
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modulated by the salience of the image early on. Finally, analysis  visual and affective salience was greatest. This analysis illustrated
three employed individual participants’ data to examine looking the findings that were typical across the entire image set in con-
patterns for three example images where competition between ditions of maximum competition between visual and affective
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salience: Participants showed more fixations in affective ROIs
when looking at each of those images, but the largest proportion
of fixations was allocated to affective salience regions in the image
with an overall negative valence.

DISCUSSION

Our results showed that, when participants freely viewed complex
scenes, the proportion of fixations allocated to affective relative to
visual salience ROIs was associated with higher ratings of emo-
tional arousal, such that viewing emotionally arousing stimuli
increased the likelihood of fixating in emotionally salient regions.
Yet although the relationship between arousal and likelihood of
fixating in affectively salient regions was similar for both nega-
tive and positive images, there was an overall higher proportion
of fixations allocated to affective ROIs in images which had an
overall negative valence. Thus, viewing negatively valenced scenes
has an even stronger impact on allocation of overt attention
to affective ROIs compared to scenes that are equally arousing
but positively valenced, suggesting that our attention to emotive
regions in a scene is influenced by the valence of such stimuli.
These findings build on previous results showing that participants
allocated more eye movements to regions of a given scene that
were identified as affectively salient than regions identified as visu-
ally salient, particularly for negatively valenced scenes (Niu et al.,
2012).

Like previous studies examining the role of semantic/affective
salience, we examined number of fixations as a measure of foveal
sampling of ROIs in each image. Distinct patterns of overt atten-
tion have been previously observed for emotional scenes, with
higher fixation counts, or greater sampling of the image space,
for arousing vs. neutral scenes (Sharot et al., 2008; Riggs et al,,
2010), suggesting that scenes that are globally more arousing elicit
more sampling of sub-regions of the image. We have extended
such findings to show increased sampling for arousing images in
sub-regions of an image identified as more affectively salient.

Taken with our previous findings (Niu et al., 2012), our results
indicate that visual salience does have an effect on eye movements
when one is inspecting an emotionally arousing scene, but the
capacity of affective salience to override visual salience can be
plausibly observed.

Previous studies have shown that low-level visual salience helps
guide eye movements in free viewing (Parkhurst et al., 2002;
Parkhurst and Niebur, 2003, 2004). Yet it is not only visual con-
spicuity that can produce a pop-out effect in the inspection of
an image. There is also evidence that higher-level aspects of a
stimulus, such as semantic meaning, can bias attention in favor
of socially relevant stimuli (Birmingham et al., 2009a,b; Cerf
et al., 2009). When semantic meaning is further associated with
emotional arousal, commonly feared, or pleasant stimuli (e.g., a
murder scene, erotica) can prioritize attention relative to neutral
stimuli (LaBar et al., 2000; Nummenmaa et al., 2006, 2009). Only
two other studies to date have examined the competition between
visual salience and affective salience within a single complex scene:
One study found that, when neutral background pictures were
edited to contain a single affectively salient and a single visually
salient object, fixations were more likely to be on affectively salient
objects (Humphrey et al., 2012).

Our results showed a greater likelihood of fixating on affec-
tively salient regions within negative relative to positive scenes.
This finding suggests that negatively valenced scenes have an over-
all stronger impact on attention allocation to affectively salient
regions compared to scenes that are equally arousing but posi-
tively valenced. Thus, our attention to emotive regions in a scene
is influenced by the valence of such stimuli. At the behavioral level,
this effect can be interpreted in the light of previous findings from
our lab that negative, but not positive, affect enhances selective
visual attention (Rowe et al., 2007; Schmitz et al., 2009). Here, it
is possible that negative affect generated by the negative arousing
images increased selective attention in a form of “weapon focus” on
the most affectively salient items in the scene. At the neural level,
the influence of a scene’s overall valence even on early fixations
may be supported by rapid responses to valence that have been
demonstrated in the orbitofrontal cortex (OFC; Kawasaki et al.,
2001). The OFC is reciprocally connected to temporal regions of
the visual cortex (Rempel-Clower and Barbas, 2000), which in turn
are connected with the lateral intraparietal cortex (LIP) which is
important for allocating overt attention (Blatt et al., 1990; Thomp-
son and Bichot, 2005; Goldberg et al., 2006). Such rapid processing
of valence information may contribute to subsequent eye move-
ment planning through LIP integration of either direct or indirect
information from the OFC.

It has been suggested that the LIP in functions as a priority map
that guides attention based on the moment to moment behav-
ioral priority of aspects of the world (Bisley and Goldberg, 2010).
By integrating information from other brain regions, including
dorsal and ventral streams of the visual cortex, the anterior cingu-
late cortex, and regions of the thalamus (Blatt et al., 1990; Baizer
et al.,, 1991, 1993), the LIP has been found to influence atten-
tion based on bottom-up visual salience, task-related goals, the
expected reward value (including social rewards), and the behav-
ioral relevance of a stimulus (Dorris and Glimcher, 2004; Sugrue
etal.,, 2004; Balan and Gottlieb, 2006). Given considerable overlap
between the constructs of behavioral relevance and motivational
or affective salience, and given LIP connectivity with regions (e.g.,
the pulvinar nucleus of thalamus) implicated in affective salience
tagging (Pessoa and Adolphs, 2010), the LIP may also play a role
in prioritizing attention based on affective salience. The amygdala,
which along with the pulvinar has been characterized as a motiva-
tional/affective salience detector (Cunningham et al., 2008; Todd
and Anderson, 2009; Pessoa and Adolphs, 2010), is densely inter-
connected with multiple regions of visual cortex as well as well as
with thalamic nuclei (Amaral et al., 2003; Shipp, 2003). Thus, the
LIP may integrate information from the amygdala either directly
or indirectly via other brain regions to integrate information about
affective salience into a priority map for determining saccades.

Some limitations to the study qualify our interpretation of the
results. First, it should be noted that, whereas the visual salience
model was computer-generated the ROI in the affective salience
model were based on human ratings. Thus, the findings reported
here may be influenced by the difference between human and
computer-generated models. Second, there was greater similarity
in content between images of erotica within the positive category
in comparison to between images in the neutral and negative cate-
gories. Although affective salience relates to subjective impressions
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elicited by emotion rather than image categories, the fact that
there was greater similarity between images in the positive category
than in the negative and neutral categories may have influenced
the results. Finally, future studies using human-generated affec-
tive salience ROIs should measure the reliability and validity of
the affective salience ROI generation task, in particularly for the
neutral images where rating consistency may be expected to be
lower.

Despite significant recent progress, the best available computa-
tional visual salience models still lag behind human performance
in predicting eye fixations in free viewing of complex scenes. The
majority of models are based on low-level visual features and the
importance of top-down factors has not yet been fully explored or
modeled. Exploration of a cognition-based computational salience
model that integrates semantic meaning and affective salience is
an important future research direction. There are a number of

applications that would benefit from such research. For exam-
ple, selective rendering in computer graphics could benefit from
improvements on eye gaze prediction models.

In conclusion, our results add to the literature about the influ-
ence of emotion on cognition by showing that the affective salience
of an object — which can be defined by one’s previous experience
with it in relation to overall motivational goals of maximizing
pleasure and avoiding pain (Todd et al., 2012) — can influence
allocation of attention. They suggest that the overall emotional
salience of an image determines allocation of attention to affec-
tively salient regions of a scene, particularly for negative images.
Thus, the affective importance of context can prioritize our atten-
tion to specific features of the world that are linked to associations
between semantic meaning and emotional arousal. Whether this
enhances or impairs cognition may depend on the other goals that
are active at the time.
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APPENDIX

SPECTRAL RESIDUAL MODEL

It was discovered that an image’s Spectral Residual (SR) of the log amplitude spectrum represented its innovation (Hou and Zhang,
2007). By using the exponential of SR instead of the original amplitude spectrum, the reconstruction of the image results in the salience
map. The salience estimation is carried out using this computational model.

A(f) = RGBT ) (A1)
P =3G [T (A2)
L (f) =log (A(f)) (A3)
R(f) = Lf) = ha (1) L () (A4)
S =g@*3 " [exp (R() +P ()] (45)

In this computational model, the SR R(f) contains the innovation of an image which can be obtained by (4), where L(f) denotes
the logarithm of amplitude spectrum A(f) of the image 7 (x) computed by (3) and h,(f) is the average filter. Using inverse Fourier
transform then squared, the salience map in spatial domain is constructed. For better visual effects, we smoothed the salience map S(x)
with a Gaussian Filter g(x) as (5), where § and §~! denote the Fourier transform and inverse Fourier transform, and P(f) denotes the
phase spectrum of the image.
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emotion, visual awareness

Most aspects of the environment resonate with emotional mean-
ing, so an understanding of perception in the real world neces-
sitates understanding how it is impacted by emotion. Evidence
suggests that emotional stimuli themselves attract attention more
robustly and are more readily detected than are non-emotional
stimuli (Anderson and Phelps, 2001; Ohman et al., 2001; Ander-
son, 2005; Vuilleumier and Huang, 2009), but less well understood
is the impact of emotional stimuli on the perception of neigh-
boring non-emotional information. In a sense, this dimension of
perception-emotion interactions is especially relevant to everyday
life, where — whether one is a soldier on patrol, an emergency room
technician, or a highly anxious individual surrounded by perceived
threats — it is important to attend to and process non-emotional
information despite the emotional context.

Unfortunately, the literature on perception-emotion interac-
tions often seems to contradict itself, with some studies showing
that emotional stimuli impair perception of contextually neigh-
boring targets and other studies showing that emotional stimuli
enhance perception of such targets. In the former case, for exam-
ple, studies have shown that when people search for a single target
embedded in a rapid, serially presented stream of pictures, the
presence of a task-irrelevant emotional picture robustly impairs
target perception for about a half-second, a phenomenon labeled
emotion-induced blindness (e.g., Most et al., 2005; Most and Jungé,
2008; Most and Wang, 2011; Kennedy and Most, 2012). In contrast,
other studies have shown that the presentation of a task-irrelevant
emotional face can subsequently enhance contrast sensitivity (a
function of early vision; Phelps et al., 2006; Bocanergra and Zee-
lenberg, 2009) and can facilitate visual search for targets (Becker,
2009). Findings that emotional stimuli can benefit subsequent
target perception are consistent with a recently proposed “arousal-
biased competition” account, which posits that emotional stimuli
bias subsequent perceptual competition in favor of high-priority
stimuli (which can be classified as “high-priority” by virtue of

suggests that emotion-induced blindness may be distinguishable from closely related
phenomena such as the orienting of spatial attention to emotional stimuli or the central
resource bottlenecks commonly associated with the attentional blink. Instead, we suggest
that emotion-induced blindness reflects relatively early competition between targets and
emotional distractors, where spontaneous prioritization of emotional stimuli leads to sup-
pression of competing perceptual representations potentially linked to an overlapping point

Keywords: emotion-induced blindness, attention, perception, spatiotemporal competition, biased competition,

either their inherent salience or their goal-relevance; Mather and
Sutherland, 2011).

But what of the cases where emotional stimuli disrupt per-
ception? Why should emotional stimuli enhance subsequent per-
ception of targets on some occasions but disrupt it on others? In a
sense, the competition processes posited within the arousal-biased
competition account might suggest insights into emotion-induced
blindness, as emotional stimuli themselves could be construed
as high-priority stimuli that compete with neighboring targets.
Indeed, recent work on emotion-induced blindness in our lab has
revealed some clues into the nature of such competition. To antic-
ipate, our evidence suggests that emotion-induced blindness may
stem from competition between targets and emotional distractors
and that the phenomenon primarily arises when targets and emo-
tional distractors jockey to be the dominant representation linked
to a given point in space and time.

EMOTION-INDUCED BLINDNESS

In a series of studies showing emotional disruption of conscious
perception, participants viewed rapid serial visual presentations
(RSVPs) of upright landscape and architecture photos at a rate of
10 images per second. They were instructed to search within each
stream for a landscape or architecture photo that was rotated 90°
clockwise or counterclockwise and to report its orientation (see
Figure 1A). Depending on the trial, a task-irrelevant emotionally
negative, neutral, or scrambled negative picture preceded the tar-
get picture by either two (lag 2) or eight (lag 8) items (Most et al.,
2005). Emotionally negative distractors depicted aversive, highly
arousing scenes such as threatening animals, violence, or med-
ical trauma, whereas neutral images depicted people or animals
in ways that were not emotionally evocative. Scrambled versions
of the negative distractors served to control for the impact of
low-level visual properties such as color and luminance. Despite
the rapid presentation rate, participants were highly accurate in
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FIGURE 1 | (A) Example of part of a typical emotion-induced blindness trial,
where items are presented serially at a rate of 100 ms/item. Here, the
target is a landscape picture rotated 90° clockwise. The critical distractor is
an emotionally negative picture that appears two items before the target
(Lag 2). (B) A typical pattern of data (means and standard errors) from an
emotion-induced blindness experiment (from Most et al., 2005, Experiment
1). At Lag 2, accuracy in reporting the target's orientation was worse
following emotional distractors than following neutral or scrambled
distractors. However, by Lag 8, performance in all distractor conditions had
recovered to above 90% accuracy.

reporting the target’s orientation at lag 8 (when the distractor
and the target appeared almost 1s apart) regardless of distrac-
tor condition. However, at the earlier lag, emotionally negative
distractors induced greater deficits in target processing than did
the scrambled and neutral distractors (see Figure 1B). This pat-
tern — emotion-induced blindness — appears to reflect a disruption
of conscious perception rather than disrupted maintenance of
information in visual working memory, as the size of the effect
is comparable regardless of whether participants respond imme-
diately or withhold their response for a brief delay (Kennedy and
Most, 2012).

The fact that the scrambled versions of the negative pictures did
not induce spontaneous target perception impairments suggests
that the impairments elicited by the negative images stemmed from
their emotional nature rather than their low-level visual features.

This conclusion received further support from a study in which
emotionally neutral pictures that participants had learned to asso-
ciate with an aversive burst of white noise induced similar target
perception impairments (Smith et al., 2006). Both emotionally
negative and emotionally positive distractors appear capable of
driving the effect as long as they elicit a response of relatively
high arousal: in one set of experiments, the emotional distrac-
tors were erotic scenes — which are generally rated as emotionally
positive and highly arousing by both men and women (Bradley
et al.,, 2001; Lang et al., 2001) — and these stimuli consistently
elicited emotion-induced blindness effects similar to those caused
by negative distractors (Most et al., 2007).

DIFFERENTIATING EMOTION-INDUCED BLINDNESS FROM
RELATED PHENOMENA

In some respects, emotion-induced blindness is surprising within
the context of the extant literature. As mentioned above, the phe-
nomenon stands in contrast to findings that emotional stimuli can
facilitate perceptual processing of subsequent stimuli (Phelps et al.,
2006; Becker, 2009; Bocanergra and Zeelenberg, 2009). Because
all stimuli appear in the same spatial location in most emotion-
induced blindness tasks, the phenomenon also appears to contrast
with evidence that emotional stimuli facilitate the processing of
subsequent stimuli at their location by attracting or holding spa-
tial attention there (e.g., MacLeod et al., 1986; Mogg and Bradley,
1999; Fox et al., 2001; Jiang et al., 2006; Van Damme et al., 2008).
One possibility is that emotion-induced blindness reflects mecha-
nisms other than spatial attention or those involved in enhancing
early perception. But if so, what mechanisms might be involved?

On the surface, it seems likely that emotion-induced blindness
stems from the same mechanisms as the attentional blink (AB;
e.g., Raymond et al., 1992; Chun and Potter, 1995), a failure of
conscious perception that is widely studied in the visual cognition
literature (and which served as the model for the emotion-induced
blindness task). In a typical AB task, participants report two tar-
gets embedded in a rapid stream of non-targets (e.g., the identities
of two letters embedded in a stream of digits). If the two targets
appear far enough apart from each other in time, then people can
generally report both targets despite the rapid presentation speed.
However, if the second target appears within about half a second
after the first target, then people can generally report the first but
not the second target (cf. Potter et al., 2002). Dominant models of
the AB differ somewhat from each other in their details, but most
converge on the notion that the AB largely reflects the disruption or
distraction of relatively central, late-stage perceptual mechanisms,
whether such mechanisms involve a failure of consolidation into
visual working memory (e.g., Chun and Potter, 1995), a failure of
retrieval from memory (e.g., Shapiro et al., 1994), or disruption
of an attentional filter responsible for distinguishing targets from
non-targets (e.g., Di Lollo et al., 2005), among other accounts (but
also see Giesbrecht et al., 2007, for evidence of the flexibility of the
AB locus).

Based on such accounts of the AB, it might be expected that
emotion-induced blindness reflects the disruption of some rela-
tively central, high-level mechanism. However, in a recent series of
experiments, a surprising pattern of results suggested that — despite
its surface-level similarity to the AB — emotion-induced blindness
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might stem from mechanisms other than those often presumed
to drive the AB. In these experiments, participants searched for a
target that could appear in one of two simultaneously presented,
vertically aligned rapid streams instead of within a single stream.
The target was equally likely to appear in either stream, and the
critical distractor (a neutral or emotionally negative picture) was
equally likely to appear in the same stream as the target or in
the opposite stream. Results revealed that target perception was
worse following an emotional distractor only when the critical
distractor appeared in the same stream as the target (Most and
Wang, 2011). If emotion-induced blindness stemmed from the
disruption or distraction of a relatively late-stage, central process-
ing bottleneck, then the perceptual disruption should have been
equivalent regardless of the spatial relationship between the tar-
gets and critical distractors, as seems to be the case with the AB
(e.g., Shih, 2000; Lunau and Olivers, 2010; but see Kristjdnsson
and Nakayama, 2002). The fact that the emotion-induced impair-
ment of target perception was greater at, compared to away from,
the location of the emotional distractor suggests that the mecha-
nisms underlying emotion-induced blindness may be dissociable
both from central bottlenecks involved in the AB and from the
spatial attention mechanisms that have been the focus of most
emotion-perception research over the past several decades.

Notably, further evidence for a dissociation between spatial
attention mechanisms and those underlying emotion-induced
blindness emerged from an emotion-induced blindness experi-
ment in which conditions that were more or less conducive to
spatiotemporal competition between targets and emotional dis-
tractors were manipulated. In most emotion-induced blindness
tasks, the targets and critical distractors are both embedded in the
middle of a rapid stream, rendering their temporal order hard to
judge and increasing the likelihood of the perceptual system link-
ing them to a common point in time and space. However, in this
follow-up experiment, the targets were sometimes the last item in
their stream (Most and Wang, 2011, Experiment 2). With no sub-
sequently appearing items masking the targets, the targets could
persist in iconic memory and their temporal relationship with
the critical distractors was rendered unambiguous. Under these
conditions, the spatial pattern of emotion-induced impairment
reversed, with target accuracy now worse away from — rather than
at — the location of the emotional distractor. This reversed pat-
tern is consistent with the large corpus of studies suggesting that
emotional distractors capture spatial attention and delay or other-
wise impair processing of targets at other locations. In other words,
when the hypothesized impact of spatiotemporal competition was
minimized, a dissociable impact of spatial attention appeared to
emerge.

A SPATIOTEMPORAL COMPETITION ACCOUNT OF
EMOTION-INDUCED BLINDNESS

Although the localization of emotion-induced blindness to the
location of an emotional distractor appears to run counter to what
might have been predicted on the basis of the spatial attention lit-
erature, it accords well with research on localized attentional inter-
ference (Mounts, 2000, 2005; Mounts and Gavett, 2004; Mounts
and Tomaselli, 2005; McCarley and Mounts, 2007; McCarley et al.,
2007; Mounts et al.,2007). This refers to the finding that processing

of one stimulus can impair processing of a second stimulus that
appears in close spatial proximity and that this impairment grows
stronger with decreasing distance between the two targets (also see
Cave and Zimmerman, 1997; Caputo and Guerra, 1998; Bahcall
and Kowler, 1999; Kristjansson and Nakayama, 2002; Theeuwes
etal., 2004; Doran and Hoffman, 2010). Given the degree to which
such localized interference seems similar to the spatial pattern of
emotion-induced blindness, the mechanisms underlying it may
suggest insights into the nature of emotion-induced blindness.

Patterns of localized attentional interference are consistent with
an overarching “biased competition” model of attentional selec-
tion (e.g., Desimone and Duncan, 1995; Desimone, 1998), one of
the foundations of which is the recognition that visual stimuli in
a cluttered visual environment compete with each other to drive
the responses of neurons in the visual system. According to this
account, two or more simultaneously appearing stimuli will evoke
neural patterns of activation in parallel. When the stimuli lie far
apart enough in the visual field, they may evoke activity in min-
imally overlapping neuron populations. However, the smaller the
distance between the stimuli, the greater the overlap in the neuron
populations activated, leading to increased competition between
the neural representations. In this situation, selective attention is
conceptualized as a biasing of the competition in favor of one
stimulus over the others. This competition can be biased in bot-
tom up fashion — in favor of items that are visually salient — or by
top-down strategy — in favor of items that are goal-relevant (Des-
imone and Duncan, 1995; Desimone, 1998). Recordings of neural
activity have provided evidence consistent with the biased compe-
tition account. For example, visual cortical neurons that are highly
responsive to one stimulus are less responsive when a second, com-
peting stimulus simultaneously occupies their receptive fields, but
attention to either of the stimuli leads to a neural response sim-
ilar to that observed when the attended item appears alone (e.g.,
Chelazzi et al., 2001). Notably, receptive fields are small in early
regions of the visual cortex, where neural activity appears to be dri-
ven largely by low-level visual properties; however, they grow larger
in later, more anterior visual regions, which have been found to be
more globally responsive to complex stimuli such as objects and
faces (Desimone and Gross, 1979; Gattass et al., 1981, 1988; Kastner
and Ungerleider, 2000; Kastner et al., 2001). Competition between
neural representations has been observed in a number of regions,
including V1, V2, V4, and inferotemporal cortex, the hierarchical
organization of which suggests that competitive spatiotemporal
interactions could occur not only at the level of discrete features,
but also at the level of meaningful representations. Since the time
that the biased competition model of attention was first proposed,
empirical and theoretical advances have extended and refined it,
as reflected in (for example) more recent “normalization” and
“feature-similarity gain” models (e.g., Treue and Martinez-Trujillo,
1999; Martinez-Trujillo and Treue, 2004; Lee and Maunsell, 2009;
Reynolds and Heeger, 2009). Nevertheless, the biased competi-
tion account provides a useful framework for understanding the
relatively limited number of emotion-induced blindness findings
to date, with a fuller consideration of the distinctions between
related models and their implications for emotion-induced blind-
ness likely to provide ever more insight as research on this topic
progresses.
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In an insightful review, Keysers and Perrett (2002) noted that —
when presented rapidly enough — temporally neighboring stimuli
within RSVP streams are likely to give rise to spatiotemporal
competition despite their sequentially presented nature. This is
because, even though the stimuli do not appear simultaneously
with each other, they elicit neural responses that themselves over-
lap in time. Framed within this context, spatial localization of
emotion-induced blindness makes sense. When a target appears
soon after an emotional distractor (or soon before; Most and
Jungé, 2008), the stimuli compete to be the dominant representa-
tion linked to an overlapping point in time and space. Because
of the human tendency to spontaneously prioritize emotional
stimuli, the distractor frequently dominates and suppresses visual
processing of the target.

Notably, if emotion-induced blindness arises due to compe-
tition between targets and emotional distractors, then it may be
possible to apply manipulations to either strengthen the bias for
emotional distractors or boost the competitive edge of targets,
thereby modulating — possibly via reentrant mechanisms (e.g.,
Lamme and Roelfsema, 2000) — the degree of emotion-induced
blindness observed. In fact, this appears to be the case. For exam-
ple, in one experiment participants were informed in some blocks
that their target could be a rotated picture of either (a) a building
or (b) a landscape with no building, and in the remaining blocks
they were informed that their rotated target would always be a
picture of a building (Most et al., 2005, Experiment 2). The latter
case — labeled the “specific attentional set” condition — enabled
participants to establish a more concrete attentional template of
what their target would look like, and the results revealed that
emotion-induced blindness decreased in this condition, at least
among participants who had scored low in a measure associated
with trait anxiety. This is consistent with the notion that atten-
tional competition can be biased via goal-relevant information
held in working memory (e.g., Desimone and Duncan, 1995; Des-
imone, 1998). This instruction did not reduce emotion-induced
blindness among participants who had scored high in the anxiety-
related measure, however, perhaps because for them the bias to
prioritize emotional stimuli was more difficult to overcome.

Indeed, in another set of experiments, participants’ level of
anxiety was directly manipulated, with participants who reported
high levels of unease exhibiting greater emotion-induced blind-
ness than those who did not. In this set of experiments, male
and female romantic partners were seated at computers a few feet
away from each other. The female partner engaged in an emotion-
induced blindness task, first while her male partner rated the
attractiveness of landscape pictures and then while he rated the
attractiveness of women who ostensibly were single and on cam-
pus (although, in truth, the pictures had been gathered from the
internet and had no known relationship with the university). At
the end of the experiment, the female participants were asked
to rate their level of unease about the fact that their partner
had been rating other women; in two separate experiments, there
was a robust correlation between self-rated unease and emotion-
induced blindness (Most et al., 2010). Intriguingly, this correlation
emerged only when the distractors were emotionally negative, not
when they were emotionally positive. Moreover, self-rated unease
predicted emotion-induced blindness only during the time that

the male partner was rating the attractiveness of other women
and not when he was rating the attractiveness of landscapes,
helping to rule out individual differences unrelated to the manip-
ulation (e.g., the possibility that participants who experienced
unease also happened to be more sensitive to emotionally neg-
ative images in general). In short, such evidence is consistent with
the notion that emotion-induced blindness is driven by compe-
tition between target and emotional distractor representations:
whereas the competition can be skewed in favor of targets by
providing more descriptive information about their visual appear-
ance (Most et al., 2005, Experiment 2), it appears that anxiety can
enhance the bias in favor of emotional distractors (Most et al.,
2010).

ATTENTIONAL CAPTURE VS. EMOTIONAL CAPTURE

An important question regarding the nature of emotion-induced
blindness is whether the mechanisms underlying it are simply
identical to those that would be triggered by any attention-
capturing stimulus, or whether emotion-induced blindness
instead stems from processes triggered uniquely by the heightened
meaningfulness of the emotional distractor. While attention can
be captured by emotional stimuli, it can also be captured by stimuli
that either share a defining feature with the target (i.e., that match
participants’ “attentional set;” Folk et al., 1992; Folk and Rem-
ington, 1998) or by stimuli that are featurally salient or unique
in the environment (e.g., Yantis and Jonides, 1990; Theeuwes,
1991, 1992, 1994; Yantis, 1993). Within RSVP tasks, such non-
emotional, attention-grabbing stimuli have been found to induce
spontaneous attentional blinks for subsequent targets (Spalek
et al., 2006; Folk et al., 2007). Given the ability of non-emotional,
attention-capturing stimuli to induce spontaneous perceptual dis-
ruptions resembling those caused by emotional stimuli, it may be
that emotion-induced blindness simply reflects attentional cap-
ture rather than a more elaborate process through which emotion
impacts perception.

In arecent series of studies, we capitalized on the spatially local-
ized nature of emotion-induced blindness to examine whether
target perception impairments caused by emotional and non-
emotional, but attention-grabbing, distractors share common
underlying mechanisms (Wang and Most, 2011; Wang and Most, in
preparation). If emotion-induced blindness stems simply from the
tendency of attention to spontaneously orient to emotional stim-
uli, then target perception deficits caused by the non-emotional,
attention-grabbing distractors should also be spatially localized.
To this end, we varied the nature of critical distractors in the dual-
stream RSVP paradigm. In a set of two experiments, participants
searched for a red letter embedded within one of two simulta-
neously presented rapid streams of white letters, and the critical
distractor (which could appear in either stream) was either a red
digit or a green letter. In a third experiment, participants searched
for a rotated color landscape photo embedded in one of two simul-
taneous streams of grayscale landscape photos, and the critical
distractor was an upright color landscape photo (thereby match-
ing participants’ attentional set for color). In all three cases, the
non-emotional, but attention-grabbing, distractors impaired sub-
sequent target perception, but this impairment was not spatially
localized.
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In a fourth experiment designed to ensure identical task
demands across conditions, the target was a rotated color land-
scape photograph embedded among rapidly presented, upright
grayscale landscape photos, and the distractor was either an
upright color landscape photo, an emotional color picture, or
a neutral non-landscape color photo. Target perception impair-
ments caused by the landscape and neutral color photos were not
spatially localized, but the impairments caused by the emotional
pictures were specific to the distractors’ location (Wang and Most,
2011; Wang and Most, in preparation).

In sum, although non-emotional, attention-grabbing distrac-
tors disrupted target perception, the spatially localized nature of
the impairment seemed to emerge specifically in the temporal
wake of emotional distractors. Our lab is currently in the process
of further verifying these results and testing whether they can be
accounted for by mechanisms other than spatiotemporal com-
petition. Thus far, the data are consistent with the suggestion
that emotion-induced blindness does not stem simply from the
tendency of attention to orient to emotional distractors. Neu-
roimaging studies along these lines would likely be fruitful, as the
behavioral findings to date yield intriguing predictions. Framed
in terms of neural architecture, competition between targets and
emotional distractors may involve relatively anterior visual brain
regions that are responsive to complex, meaningful representa-
tions, and such regions may function as the neural locus where
emotional stimuli gain a competitive edge.

CONCLUSION

Although emotional stimuli can sometimes facilitate perception
of subsequent items, they can also disrupt perception, yield-
ing results that seem contradictory at first glance. Research on
emotion-induced blindness and its underlying mechanisms can
help reconcile such discrepancies. For example, evidence suggests
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INTRODUCTION

Attention is a limited resource, and in order to improve processing of the attended
information, competing processes must be suppressed. Although it is well established that
an experimentally induced change in mood state comprises one type of competing process
that can impair performance on a subsequent task, no study has investigated whether
an emotionally valenced autobiographical memory (AM) also can alter performance
on a subsequent task. We therefore examined the effects of AM recall on cognitive
performance. Healthy participants (n = 20 per experiment) recalled AMs in response to
positive, negative, and neutral cue words. Following each AM participants completed a
simple perceptual task (Experiment 1) or solved moderately difficult subtraction problems
(Experiment 2). In Experiment 1 participants performed less accurately following exposure
to positive or negative versus neutral cue words (ps < 0.001), and also were less accurate
following negative versus positive cue words (p < 0.001). In Experiment 2, in contrast,
no difference in accuracy or response times reached statistical significance. Performance
accuracy even trended toward being higher following exposure to negative versus neutral
cue words (p = 0.08). The results of Experiment 1 suggested that recalling emotionally
salient AMs reduces the attention directed toward a simple continuous performance
task administered immediately following the AM task, conceivably due to persistent
contemplation of the AM. The negative results of Experiment 2 suggested that the
effect of AMs on attention was attenuated, however, by increasing the difficulty of
the subsequent task. Our results have implications for patients with major depressive
disorder (MDD), as performing cognitively demanding tasks may allow them to attenuate
the impairing effects of negative rumination on cognition.

Keywords: autobiographical memory, cognition, task difficulty, episodic memory, emotion, rumination

induction also has been reported on tasks of working memory

Attention is a limited resource, and in order to improve pro-
cessing of the attended information, competing processes must
be suppressed (Posner and Peterson, 1990; Posner, 1995). When
such a competing process is not successfully suppressed, perfor-
mance is impaired on subsequent attention-demanding tasks. An
experimentally induced change in mood state is one such com-
peting process that can affect attention and impair performance
on a subsequent cognitive task (Martin and Kerns, 2011; Melcher
et al., 2011). Research using mood induction techniques such as
those that require participants to read statements intended to be
elating or depressing (Velton, 1968) has shown that both posi-
tive and negative mood induction can impair performance on
a variety of cognitive tasks (reviewed in Mitchell and Phillips,
2007). Impaired cognitive performance following positive mood
induction has been demonstrated in tasks involving working
memory as assessed using digit span, spatial planning as measured
using the Tower of Hanoi task, and attention as evaluated using
the Stroop task. Impaired performance following negative mood

and spatial planning.

Although it is well established in the literature that the
induction of a change in emotional experience can impair per-
formance on a subsequent cognitive task, no study has investi-
gated whether eliciting an emotionally valenced autobiographical
memory (AM) can alter performance on a subsequent task. The
cognitive response that follows an emotionally evocative AM,
whereby an individual contemplates the experience and its asso-
ciated feelings, meanings, and consequences, forms one type of
competing process that can interfere with the disengagement of
attention to such an extent that the reallocation of attention
toward new tasks is impaired (Nolen-Hoeksema, 1991; Levens
et al., 2009). Although AMs can induce mood states such that
positive AM retrieval increases post-retrieval positive mood and
negative AM retrieval increases post-retrieval negative mood
(Denkova et al., 2012), AMs have the additional representations of
the physical, cognitive, and social environment as well as the emo-
tional representation of the memory, and can exist independently
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of mood states (Tulving, 2002). Possibly related to this process,
the episodic memory for such experiences is enhanced by the
emotional salience or arousal associated with the event (Conway,
2003). Additionally, in young adults, both positively and neg-
atively valenced memories are recalled more often (Schlagman
et al., 2006) and more vividly than neutral AMs (Comblain et al.,
2005).

One aim of the current study was to investigate whether the
recall of emotional and neutral AMs differentially affects perfor-
mance on a subsequent cognitive task. If simply recalling a mem-
ory is enough to impair performance on a subsequent cognitive
task, then performance on that task should not differ following
neutral and emotional autographical memory recall. If however,
the emotional component is necessary for subsequent cognitive
performance to be affected then performance accuracy should
differ following neutral and emotionally valenced memories.

A second aim was to determine whether altering the difficulty
level of a cognitive task performed immediately following AM
recall would influence the memory’s effect on performance of
the subsequent task. The corollary to such an effect was demon-
strated by Erber and Tesser (1992) in a study of the relationship
between mood alteration, cognitive performance, and task dif-
ficulty, which showed that increasing the cognitive demand of
a task decreased ratings of both positive and negative emotions
experienced during a preceding mood induction. In this study
participants underwent either negative or positive mood induc-
tion by watching a video clip and then completed either simple or
difficult math problems. Solving the difficult problems—but not
the simple problems—resulted in a decrease in the self-reported
ratings of both positive and negative mood. These results sug-
gest that increasing the cognitive demand of a task can reduce the
intensity of an emotional experience.

We aimed to determine whether increasing the cognitive
demand of an experimental task might reduce the capacity for
emotional AM recall to degrade task performance, presumably by
maintaining attention toward the cognitive task. By setting the
task difficulty sufficiently high so that a dominant portion of an
individual’s attentional resources must be committed to maintain
task performance, it is conceivable that an insufficient amount of
attentional reserve can be allocated to support the contemplation
of emotionally valenced AMs (Morrow and Nolen-Hoeskema,
1990). Therefore while we expected AM recall to degrade per-
formance on a simple cognitive task performed in Experiment 1,
we predicted that the increased difficulty of a task performed in
Experiment 2 would reduce this effect. Our goal in this research
was to contribute to the literature on emotion and cognition by
determining whether emotionally valenced AM recall impairs per-
formance on a subsequent cognitive task, and to assess whether
increasing the task difficulty attenuates this effect. These results
conceivably hold implications for patients with major depressive
disorder who often are unable to interrupt ruminative ideation
regarding past experiences to an extent that allows them to focus
attention on other tasks (Levens et al., 2009).

The effects of recalling AMs on a simple continuous per-
formance task that involved counting the number of t’s in a
letter string (Experiment 1), and a more difficult task that
involved subtraction problems (Experiment 2) were examined.

Participants were shown either a positively, negatively, or neu-
trally valenced cue word, and then were instructed to retrieve
an AM related to the cue word and to focus on the memory.
Following each memory retrieval the count-the-t’s task or the
subtraction task was performed. Our hypothesis was that recalling
AM:s would affect performance on a subsequent task and that the
effect on performance could be altered or abolished by increasing
the cognitive demand of the subsequent task.

EXPERIMENT 1

MATERIALS AND METHODS

Participants

Twenty medically and psychiatrically healthy (10 females)
individuals participated in the study. Right-handed volunteers
(as established using the Edinburgh Handedness Inventory;
Oldfield, 1971) between 18 and 55 years of age were recruited
through media advertisements in the Washington, D.C. and
Tulsa, OK metropolitan areas. Half of the participants were tested
at each site, and the same experimenter conducted testing at
both locations. Participants underwent a screening evaluation
prior to enrollment that included medical and psychiatric
history. Psychiatric health was established using the Structured
Clinical Interview for DSM-IV Disorders (SCID; First et al.,
2002) administered by trained research nurses with at least 0.80
interrater reliability, and confirmed via unstructured interview
with a psychiatrist. The Family Interview for Genetic Studies
(FIGS; Maxwell, 1992) was used to assess the family history
of psychiatric disorders. Participants were also administered
the two-subtest version (vocabulary and matrix reasoning) of
the Wechsler Abbreviated Scale of Intelligence to determine IQ
(Wechsler, 1999).

Participants were excluded if they had: (a) exposure to psy-
chotropic or other medications likely to influence cognitive
function within three weeks of testing (excepting nicotine and
caffeine), (b) major medical (including endocrine) or neurolog-
ical disorders, (c) a history of drug or alcohol abuse within one
year or a lifetime history of alcohol or drug dependence (except-
ing nicotine), (d) current pregnancy (as documented by urine
testing), (e) a current or past history of a major psychiatric disor-
der, or (f) a first-degree relative with a psychiatric disorder. After
receiving a complete explanation of the study procedures, partici-
pants provided written informed consent as approved by the NIH
Combined Neuroscience IRB and the Western IRB. The research
was conducted in accord with APA standards for ethical treatment
of participants. Participants received financial compensation for
their participation.

Material, design, and procedure

A computerized version of the AM Test (Williams and Broadbent,
1986) was employed in the current study that had been devel-
oped previously for use during functional magnetic resonance
imaging (fMRI), such that participant responses were recorded
via keypad entry, in order to avoid movement associated with
verbal responses (Young et al., 2012). One goal of the current
study was to characterize the behavioral performance on tasks
that would be used to control for nonspecific cognitive process-
ing components encountered during fMRI studies of AM recall.
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Participants were presented with a total of 60 words (20 positive,
20 neutral, 20 negative) selected from Bradley and Lang’s (1999)
“Affective norms for English words.” All words were matched for
frequency of use in spoken English. Positive and negative words
were matched on arousal ratings, which ranged from 2.8 to 7.6.
Neutral words ranged from 2.5 to 5.24 in arousal ratings. Valence
ratings of the positive and negative words were equally different
from the neutral words. Negative words selected ranged in valence
ranged from 1 to 2.75, while positive words ranged from 7 to 8.75,
and neutral words from 4.90 to 6.10.

Table 1 presents the average ratings of the selected cue words
with respect to valence and arousal, compiled from the word lists
assessed and normed by Bradley and Lang (1999). A repeated
measures ANOVA with the dependent variable’s deviation from
the neutral rating of five, arousal rating, and frequency rating
for the factor experimenter-assigned valence (Positive, Negative,
Neutral). There was no main effect of Frequency [F(, 55y = 1.39,
p = 0.26] but there was a main effect of both arousal [F(;, 55 =
12.4, p < 0.001] and deviation from neutral [F, 55y = 144, p <
0.001]. Follow up paired ¢-tests revealed that the neutral words
were less arousing than the positive or negative words [t3s) =
5.38,p < 0.001], and had a smaller deviation from the mean neu-
tral value of five than the positive or negative words [tsg) >
4.31, ps < 0.001]. Positive and negative words did not differ from
each other on arousal [t35) = 0.47, p = 0.64] or in their devia-
tion from neutral [t(35) = 1.31, p = 0.20]. Stimuli were presented
on a computer using e-prime (Psychology Software Tools, Inc.,
Sharpsburg, PA).

Participants were presented with a cue word and instructed to
press a key on the computer once they recalled a specific memory
(defined as a memory for an event that occurred during a period
of no longer than one day). They had 60s to perform this task,
and if after 60 s no key had been pressed, the question, “Do you
have a memory?” appeared on the computer monitor with the
response options Yes/No. There was no time limit to answer this
question. After participants indicated whether they had retrieved
a memory, a fixation-cross appeared for 5s during which par-
ticipants were instructed to attend to the memory, focusing on
the details and emotions associated with the remembered event
if they had retrieved a memory, or to simply relax and clear their
minds during the fixation cross presentation if no memory had
been retrieved.

Following the post cue-word fixation cross a distractor task
was presented. Participants were presented with a letter string and

Table 1 | Characteristics of selected words.

Ratings according to
Bradley and Lang (1999)

Experimenter assigned valence

Negative Neutral Positive
Valence 2.25(0.62) 5.05(0.36) 773 (0.39)
Arousal 5.78 (1.22)*  4.10(0.67)  5.58(1.38)*
Frequency 92.3 (97.2) 102 (93.1) 92.7 (123)
Deviation from Neutral (5) 2.75(0.62)* 0.05(0.26) 2.73(0.59)*

Numbers in parentheses indicates one standard deviation of the mean.
*Indicates a significant difference from the neutral cue word condition at
p < 0.001.

instructed to count the number of times the letter “t” appeared
in the letter string. Letter strings consisted of consonants pre-
sented in all capital letters and were matched in length to the
cue words. Strings were visible while participants selected their
response. The number of “t”s ranged from 0 to 5 and response
options to the question “How many t’s are there?” were “0-1,
“2-3 “4 or more.” Participants had unlimited time to select
an answer. Following this task, a fixation-cross appeared for
8s before the next cue word was presented. Participants were
instructed to “clear their minds” during this time in preparation
for the next cue word. The order of cue word presentation was
pseudo-random; we placed restrictions on the order of presen-
tation to prevent sequential presentations of a particular valence
category.

Following completion of the task, participants underwent an
interview with the experimenter in which they were asked a set of
pre-determined questions regarding their experiences during the
task. These included whether the participant was actively engaged
in the task, if there were any cue words that stood out as partic-
ularly difficult to recall a memory for, how difficult they found
the distractor task, and whether the distractor task was effective
at distracting them from the previously recalled memory.

A subset of the participants (n = 10) also completed mood
ratings immediately prior to and following completion of the task.
This was later added after an interim analysis of the data from the
first 10 participants from each experiment suggested performance
differences may be influenced by the emotional valence of the cue
word. These scales were added to assess whether the mood sate
was altered consistently by AM recall and to evaluate potential
relationships between such a mood change and behavioral perfor-
mance. To rate the mood state the Profile of Mood States (POMS;
McNair et al., 1971) and a 10-point Visual Analogue Scale (VAS)
measuring current levels of happiness, sadness, anxiety, anger,
and alertness were administered.

Statistical analysis

Data were analyzed using SPSS 14.0. One sample t-tests were
used to determine if mood ratings changed between pre- and
post- task assessments. Independent samples t-tests were used to
determine if the participants in Experiments 1 and 2 differed on
demographic characteristics or mood ratings. A repeated mea-
sures analysis of variance (ANOVA) was performed on the factor
Valence (positive, negative, neutral) and the between subjects fac-
tor Sex (male, female) for accuracy and response times. Paired
samples t-tests were conducted to determine whether there were
differences in accuracy or response time following the differ-
ently valenced cue words (positive, negative, neutral). A p-value
of < 0.05, two-tailed, was selected as the statistical criterion for
significance. The Bonferonni correction was applied to adjust
p-values for the effect of multiple testing. Only trials on which
a memory was retrieved were included in the analysis.

RESULTS

Table 2 provides the demographic characteristics and mood rat-
ings of the participants for each study. Mood ratings on the POMS
and VAS did not significantly change from pre- to post-task in
Experiment 1 (one sample ¢-test comparing change scores to 0,
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Table 2 | Demographic characteristics and mood ratings for
participants in each Experiment.

Table 3 | Mean accuracy and response times for the Count the t’s task
in Experiment 1.

Experiment 1 Experiment 2

Accuracy (%) RTs in seconds

n [% female] 20 [50] 20 [50]

Age 32.2(12.7) 32.2 (10.1)
WASI 104 (13.1) 105 (8.72)
POMS TOTAL*

Pre Task —36.6 (13.7) —-40.1 (11.9)
Post Task —35.6 (19.4) —373(12.4)
Change 1.00 (17.1) 2.80 (4.10)
VAS - HAPPY*

Pre Task 6.55 (1.78) 6.40 (1.76)
Post Task 6.45 (2.59) 6.15 (2.11)
Change —0.10 (1.66) —0.25(0.54)
VAS - SAD*

Pre Task 0.40 (0.70) 0.45 (1.12)
Post Task 0.30 (0.67) 0.35 (1.11)
Change —0.10 (0.32) —0.10 (0.32)
VAS - ANGRY*

Pre Task 0.60 (0.84) 0.10 (0.21)
Post Task 0.20 (0.42) 0.05 (0.16)
Change —0.40 (0.97) —0.05 (0.16)
VAS - ALERT*

Pre Task 7.25 (1.65) 6.85 (2.29)
Post Task 6.80 (2.30) 5.65 (2.71)
Change —0.45 (1.61) —1.20 (2.62)
VAS - ANXIOUS*

Pre Task 0.90 (0.99) 0.60 (1.15)
Post Task 0.70 (1.49) 0.39 (1.17)
Change —0.20 (1.14) —0.25(0.54)

Number in parentheses indicate one standard deviation of the mean.

*Only one half of the sample contributed to this data (5 Males and 5 Females
per experiment). POMS = Profile of Mood States,; VAS = Visual Analogue Scale;
WASI = Wechsler Abbreviated Scale of Intelligence.

which indicates no change; fs¢9) < 1.31 ps > 0.22). There was
no significant differences between males and females on these
measures [ts@g) < 1.82 ps > 0.11].

Participants recalled a memory for an average of 91.5% (55 out
of 60) of the cues presented. This number didn’t differ across the
differently valenced cues (91% for positive, 93% for negative, 90%
for neutral words). Participants selected the correct response dur-
ing the count the t’s distractor task 75.2 = 12.2% of the time, and
took an average of 2.38 £ 0.85 s to respond. Table 3 shows the task
performance following each type of memory cue. We first exam-
ined accuracy during the count the t’s task. There was no main
effect of, or interaction with, sex [Fs(1, 13) < 0.228, ps > 0.64]
The main effect of Valence was significant [F(;, 33 = 417, p <
0.001]. Follow up paired t-tests revealed participants were more
accurate following exposure to neutral cue words than to positive
cue words [f(19) = 34.6, pcorrected < 0.001]. Participants demon-
strated the worst performance following exposure to negative cue
words; performance was significantly lower than that following
exposure to neutral [f(19) = 22.0, peorrected < 0.001] and positive
[ta9) = 4.79, Peorrected < 0.001] cue words.

Neutral 91.3 (3.93)# 2.27 (0.84)
Positive 69.8 (3.80)*# 2.39(0.77)
Negative 64.5 (2.76)* 2.47 (0.96)

Numbers in parentheses indicate one standard deviation of the mean.
*Indicates a significant difference from the neutral cue word condition at p <
0.05.

#Indicates a significant difference from the negative cue word condition at p <
0.05.

We next examined latency to select a response during the
count the t’s task. The ANOVA for response times was not signif-
icant [F(y, 38y = 1,22, p = 0.31]. While participants responded
most rapidly following exposure to neutral cue words and most
slowly following negative cue words, no difference in latency
approached significance (negative versus neutral cue words:
t(19) = 1.36, peorrected = 0.57; negative versus positive cue words:
ta9)y = 0.60, peorrected = 0.91; positive versus neutral cue words:
ta9) = 1.28, pcorrected = 0.65). Power for the Experiment 1
ANOVA = 0.99.

DISCUSSION

Participants performed less accurately on a simple continuous
performance task requiring them to count the number of t’s in
a letter string when this task followed AM retrieval in response to
emotionally valenced cues versus neutral cues. Performance accu-
racy was lowest following attempts to recall a memory related to a
negative cue word than following attempts to retrieve a memory
prompted by either positive or neutral cue words. Performance
accuracy also was reduced to a greater extent following AMs cued
by positive words than following those cued by neutral words.
This performance degradation demonstrates that both emotion-
ally positive and negative memory recall can impair performance
on a simple cognitive task. Mood ratings did not change signif-
icantly from pre- to post-task, suggesting that the performance
differences identified were unlikely to have been attributed simply
to a difference in mood state.

The specificity of our results for AM retrieval is informed by
the contrasting results of the study of Siegle et al. (2002), which
used a task that involved similar cue words but required partici-
pants only to rate the valence of the word. In this task the affective
valence of the cue words did not differentially alter behavioral
performance on a subsequent task. In their task, cue words, taken
from the same word pool as that used herein, were presented
and participants were instructed to read the word and indicate
its valence; immediately following each trial the participants per-
formed a Sternberg search task in which they indicated whether a
target number appeared within a series of number strings. There
was no difference in performance on this latter task based on the
affective valence of the cue word presented. The researchers sug-
gested that the lack of behavioral effects might have been due to
the simple nature of the number detection task. However, the
emotionally-valenced cognitive task we used herein significantly
influenced performance on a subsequent simple task. The crucial
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difference between our task series and that of Siegle et al. (2002)
may have been that they required participants only to identify
the valence of the words, so that mnemonic processing and emo-
tional state were not explicitly influenced, whereas participants
in the present study were instructed to retrieve memories related
to the cue word. This indicates that simply reading emotionally
valenced words does not induce emotional arousal to an extent
that is sufficient to impair performance on a subsequent task,
and that generating a memory for the cue words may be a crucial
factor for the observed impairments.

Another potential difference between studies may have been
that the AM task we used was more likely to alter mood than
the affective evaluation task employed by Siegle et al. (2002). This
explanation is inconsistent with our results in the subset of par-
ticipants that completed the mood ratings, suggesting mood did
not change over the course of the study. However, we cannot com-
pletely rule out an effect of mood alterations as it is possible that
transient emotional changes were induced in our participants that
only lasted while they were contemplating their AMs and did not
persist long enough to affect mood ratings collected post-task.

Furthermore, other evidence exists which suggests that alter-
ations in the mood state alone may not account for the impair-
ment we found on the Count the t’s task. The results from Erber
and Tesser (1992), who found that solving difficult but not simple
math problems resulted in a decrease in self-report ratings of both
positive and negative mood (in response to a preceding mood
induction) suggests that a more difficult cognitive task can either
terminate or distract from an experimentally induced mood state
so that the task performance is not degraded. In their study
the number of simple or difficult math problems solved did not
differ significantly between the positive and negative induction
groups. In contrast, we observed that generating AMs to emo-
tional cues impaired performance on a relatively simple attention
task, and that this effect was greatest for memories elicited using
negatively-valenced cue words. This apparent difference in the
results across studies suggests that with respect to performance
of a simple cognitive task, the impairment induced by the recall
of an emotionally evocative event may exceed that of a mood
change induced by other means (as in Erber and Tesser, 1992).
Nevertheless, other design differences existed across studies that
also may have influenced the results [e.g., the absence of a neutral
comparator condition and the time limit imposed on response in
the task used by Erber and Tesser (1992)].

The relationship between subjective emotion and task diffi-
culty identified by Erber and Tesser (1992) raises the question of
whether the impact of positive and/or negative AM recall on cog-
nitive performance may be reduced by tasks involving a relatively
higher level of difficulty. To explore this hypothesis, the distractor
task used in Experiment 1 was replaced by a more difficult task
involving math problems in the design of Experiment 2.

EXPERIMENT 2

METHODS

Twenty participants (10 females) who did not participate in
Experiment 1, but met the same eligibility requirements were
recruited for Experiment 2. Participant characteristics can be
found in Table 2. The experimental task was identical to that in

Experiment 1 with the following exception: instead of the Count
the t’s distractor task, participants were presented with subtrac-
tion problems. In all cases a two-digit number was subtracted
from a three-digit number and participants were instructed to
select the correct answer from three response options. Subtraction
problems were of moderate difficulty, and response options were
designed so that the correct answer was not readily identifiable.
Participants had unlimited time to select their response to the
subtraction problem. Similar to Experiment 1, 10 of the partic-
ipants completed the POMS and VAS immediately prior to and
after the task.

RESULTS

The participants in Experiment 2 did not differ significantly
from those in Experiment 1 with respect to age, IQ [fs3s) <
0.24, ps > 0.81], or any mood rating (either pre- or post-task or
change ts(13) < 1.02, ps > 0.32]. We again did not find significant
changes in mood ratings on the POMS or the VAS from pre- to
post-task (Table 2; tsg) < 1.46, ps > 0.18], and there was no sig-
nificant difference between males and females on these measures
[ts@g) < 1.28, ps > 0.24]. An additional analysis of the combined
participants groups from Experiments 1 and 2 also did not iden-
tify a significant change in mood between the pre- and post-task
conditions [ts(19) < 1.72, ps > 0.11].

Participants were able to recall a memory for an average of
87.3% (53 out of 60) of the cue words presented. This number
did not differ significantly across the distinctly valenced cue words
(88% for positive, 89% for negative, and 87% for neutral words).
Table 4 shows the results of Experiment 2. Overall, participants
selected the correct answer to the subtraction problem 90.4 +
7.72% of the time and took an average of 9.03 =+ 3.48 s to respond.
As in Experiment 1, there was no main effect of, or interaction
with, sex [Fs(1, 18) < 1.06, ps > 0.32]. The main effect of Valence
approached significance for the accuracy ratings [F(,, 38y = 2, 76,
p = 0.076]. In contrast to Experiment 1, participants nominally
were most accurate following exposure to negative cue words.
However, the difference in accuracy between the trials that fol-
lowed a negative cue and those that followed a neutral cue
only reached a non-significant trend [t(19) = 2.08, Pcorrected =
0.08]. No significant difference was found for accuracy follow-
ing the negative versus positive cues [f(19) = 1.82, Pcorrected =
0.25], or following positive versus neutral cues [t9) = 1.06,
Peorrected = 0.91]. There was no difference in the response time
to select an answer to the subtraction problem across distinct
cue valences (ANOVA for response times [F(2, 33y = 1.87, p =
0.17]; ts(9) < 1.84, pScorrected > 0.25). Power for the ANOVA in
Experiment 2 = 0.77.

Finally, we compared performance accuracy between
Experiments 1 and 2. While accuracy differed between experi-
ments following positive and negative AM cue words [ts@3g) >
9.31, ps < 0.001], the performance accuracy following neutral
cue words did not differ significantly between the continuous
performance and subtraction tasks [f(35) = 1.26, p = 0.31].

DISCUSSION
These results indicate that a subtraction task, which differs
from the continuous performance task used in Experiment 1
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Table 4 | Mean accuracy and response times for the subtraction
problems in Experiment 2.

Accuracy (%) RTs in seconds

Neutral 88.0 (5.48) 9.98 (4.04)
Positive 90.0 (9.46) 8.89 (2.95)
Negative 93.3 (7.12) 8.22 (3.31)

Numbers in parentheses indicate one standard deviation of the mean.

with respect to being more difficult and attentionally demand-
ing, is effective at reducing or terminating impaired cognitive
performance following AM recall. In contrast to the results
of Experiment 1, the highest accuracy on the subtraction task
was seen after participants recalled an AM to a negative cue
word, although this difference only trended toward significance.
Taken together these results suggest that the more difficult task
reversed the detrimental effects on performance following mem-
ory retrieval for these cue words that had been observed during
performance of the simpler continuous performance task. We also
did not find any significant change in mood ratings on the POMS
or VAS pre- to post-task.

GENERAL DISCUSSION

The results of Experiment 2 support the hypothesis that more dif-
ficult tasks reduce the performance deficit induced by AM recall,
as demonstrated by no difference in performance following AM
recall in response to the differently valenced cue words on a mod-
erately difficult subtraction task. These results contrast with those
obtained in Experiment 1 where performance on a very sim-
ple task was impaired following AM retrieval cued by the same
emotionally valenced versus neutral cue words.

These observations are consistent with evidence that as
the attentional demand required to perform a cognitive task
increases, neurophysiological activity in the limbic and medial
prefrontal cortical regions that support emotional processing and
AM is suppressed (Drevets and Raichle, 1998; Simpson et al.,
2000; Svoboda et al., 2006). This neural mechanism of sup-
pressing task-irrelevant background processes that compete for
the attentional resources needed to optimally perform a new,
more attentionally demanding task may facilitate the disengage-
ment from AM processing (Posner, 1995). The trend toward
performance accuracy being higher following negative AM cue
words in Experiment 2 suggests the hypothesis that the greater
the attentional demand posed by the subtraction distractor task
enables healthy individuals to attenuate the negative emotions
they experienced as a consequence of recalling negative AMs.

Our results conceivably may reflect an effect of rumination,
a cognitive response, often following an emotionally evocative
experience, where an individual repeatedly thinks about a past
experience, focusing on the feelings, meanings, and consequences
of that experience (Nolen-Hoeksema, 1991). Rumination has
been assessed using the Ruminative Responses Scale (Nolen-
Hoeksema and Morrow, 1991), which asks participants to indi-
cate how often they engage in ruminative thoughts or behaviors
when they feel sad. As the standard assessment of rumination
is a self-report scale that focuses on negative moods, previous

research has emphasized the effects of negatively valenced
thoughts or memories without investigating the potential effects
of positive ruminations on cognitive tasks. Our results suggest
the hypothesis that both negative and positive rumination can
affect performance in simple cognitive tasks, but that present-
ing a more difficult task can attenuate the competitive effects of
both types of rumination (Morrow and Nolen-Hoeskema, 1990).
Our experimental design did not afford a test of these hypothe-
ses, however, as no state measure of both positive and negative
rumination exists which would have allowed us to more defini-
tively characterize this process. Instead we inferred the presence
of rumination based on the self-reported statements of partic-
ipants during debriefing interviews. All but three participants
reported that they often continued to think about their mem-
ories during the “Count the t’s” distractor task, supporting the
conclusion that rumination on the previous memory occurred
and that disengaging from the memory in order to complete the
Count the t’s task was sometimes difficult. In contrast when par-
ticipants in Experiment 2 were asked whether they were able to
stop thinking about the previously recalled memory in order to
complete the subtraction problems, all but one participant indi-
cated that they were able to do so. We did not, however, inquire
about how or if rumination differed between AM recall follow-
ing neutral versus emotional cue words. Understanding how these
ruminations are similar or different could further help to elu-
cidate how ruminative processes are able to disrupt cognitive
performance.

Although the mood ratings did not change significantly during
task performance, we cannot refute the possibility that perfor-
mance of the AM task induced a transient emotional state that
contributed to the observed results. It is inevitable that recalling
emotional memories elicits the originally experienced emotions
to some degree (Talarico et al., 2004), and this can, in turn,
interfere with subsequent task performance.

Another potential explanation for impaired performance on
simple but not difficult tasks following emotional AM recall is
that after emotional memory recall participants engage in regu-
latory strategies to modulate the change in emotional experience
elicited by the memories, and that this engagement requires
the allocation of substantial cognitive resources. In support of
this hypothesis, previous studies have shown that as participants
more effectively regulate their emotions, working memory perfor-
mance decreases (Scheibe and Blanchard-Fields, 2009), and that
as participants suppress “forbidden thoughts” they are quicker to
give up solving anagrams (Muraven et al., 1998). This explanation
of increased emotional regulation is potentially compatible with
our hypothesized role of rumination, as increased rumination
on emotional memories would likely activate emotion regulation
strategies in healthy participants.

Our findings have implications for understanding the nature
of the altered cognitive processing associated with MDD, as the
tendency toward rumination on negative thoughts and feelings
has been found to predict both the onset of MDD and the
development of more severe and sustained depressive symptoms
(Nolen-Hoeksema, 1991; Just and Alloy, 1997). Future studies
should examine whether engaging these patients in challenging
cognitive tasks can provide relief from negative ruminations.
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Siegle et al. (2007) proposed such an approach via Cognitive
Control Training (CCT), and found that compared to standard
treatment with medication and psychotherapy, six 35-min ses-
sions performing selective and serial attentional tasks over the
course of two weeks significantly improved depressive symptoms
and reduced self-reported ruminations (Siegle et al., 2007).

One limitation of the current study was that we did not have a
baseline measure of performance on the count the t’s or subtrac-
tion task to give us an absolute effect; our results were obtained by
comparing performance following presentation of emotional AM
cue words compared to performance obtained following neutral
cues. Additionally, although our cue words were matched in terms
of frequency, other potentially relevant characteristics such as
imageability (the ease with which a word arouses a mental image),
were not controlled for, and could have potentially influenced the
results. The phenomenological properties of the retrieved memo-
ries (arousal, valence, etc.) also were not examined and therefore
whether the properties of the recalled memories (beyond cue
valence) affected performance could not be determined. Because
these properties were not measured we cannot refute the possibil-
ity that the subtraction task used in Experiment 2 itself impaired
AM recall. Because AM retrieval depends on executive resources,
and insufficient cognitive resources may lead to overgeneral AM
retrieval (Dalgleish et al., 2007) the use of subtraction problems
may have led to less emotional personal recollections in which
the participants were not engaged enough in their memory recall
enough to disrupt the performance on the subtraction task.

Furthermore, although our claims that the two tasks differed in
perceived difficulty and cognitive demand have face validity and
were supported by debriefing interviews in which nearly all par-
ticipants perceived the subtraction task difficult and the Count
the t’s task as easy to perform, we did not systematically mea-
sure participants’ perceived difficulty of the task. The two tasks
clearly differed in other domains as well (most noticeably linguis-
tic versus mathematical). Future studies should match cue words
and subsequent tasks on as many dimensions as possible in order
to minimize differences in task sets. Finally, although a sample
size of 20 per experiment is lower than that typically involved
in behavioral studies, the power for the ANOVAs was 0.99 and
0.77, for Experiments 1 and 2 respectively. Our observed power
either exceeds or approaches the 0.80 power level that convention-
ally has been considered by statistical experts to provide sufficient
power during experimental design. Therefore, it is unlikely that
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adding participants would further influence the direction or sig-
nificance of results. Our relatively low sample size did, however,
preclude us from investigating whether different participant char-
acteristics might have mediated some of the observed results.
Previous studies have found extroversion and neuroticism to
mediate the valence of AMs recalled and subsequent effects on
mood (Denkova et al., 2012), and emotional reactivity and fam-
ily history of depression to mediate cognitive biases in recall of
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investigation into the interaction between personality factors and
the effect of emotional AM recall on cognition may help to further
elucidate the results found in the current study.

In summary, our results suggest that both positive and nega-
tive AM recall can affect performance on simple tasks (potentially
due to rumination or employment of emotion regulation strate-
gies on these memories), but that as the task difficulty increases,
healthy humans can interrupt these processes and preserve per-
formance accuracy. Our results may hold implications for cog-
nitive behavioral therapeutic strategies involving patients with
MDD, as increasing task difficulty may allow them to attenuate
the potentially impairing effects of negative rumination on neu-
ropsychological performance of tasks within a variety of cognitive
domains.
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Both arousal during the encoding of stimuli and subsequent stress can affect memory,
often by increasing memory for important or central information. We explored whether
event-based (thematic) arousal and post-event stress interact to selectively enhance
eyewitnesses’ memory for the central aspects of an observed incident. Specifically, we
argue that memory for stimuli should be enhanced when (1) the stimuli are encoded under
arousal (vs. non-arousal), and (2) stress is experienced soon after the encoding episode.
We designed an experiment that extended previous research by manipulating arousal
without changing the stimulus material, distinguishing between central and peripheral
event information, and using a dynamic, life-like event instead of static pictures. After
watching a video depicting a burglary under high or low thematic arousal, psychosocial
stress was induced or not induced by the Trier Social Stress Test (TSST). Salivary
cortisol was measured at standard intervals. Consistent with our prediction, we found
a significant post-event stress x thematic arousal x centrality interaction, indicating that
the recognition advantage for central event items over peripheral event items was most
pronounced under both high thematic arousal and post-event stress. Because stress was
induced after encoding this interaction cannot be explained by possible differences at
encoding, such as narrowed attention. The centrality effect of post-event stress under
high thematic arousal was statistically mediated by the cortisol increase, which suggests
a key role of the stress hormone. We discuss implications of our findings for psychological
and neuroscientific theories of emotional memory formation.

Keywords: eyewitness memory, stress, arousal, salivary cortisol, social influence

INTRODUCTION
Imagine the following scene: from your window you see someone
moving around in the neighbor’s house in a suspicious manner.
Soon, you feel confident that you are witnessing a burglary in
the middle of the day. You know that your neighbors have just
returned early from their vacation and are taking an afternoon
nap upstairs. Envisioning a possibly harmful encounter between
the burglar and your neighbors you start feeling agitated. After
watching in petrified anticipation for a little while, you call the
police. The burglar has disappeared when the police arrive. A
police officer immediately starts a brief interrogation, asking you
who you are and what you were doing. You cannot help feeling
being treated like a suspect. You feel stressed and your heart is
beating. While you wait for more questions, you meet another
witness who retells the incident in some detail. Finally, after you
have calmed down, you try to remember the incident, includ-
ing central aspects (e.g., items carried by the burglar) but also
peripheral details (e.g., items that remained untouched).

This episode illustrates the questions we address in our
research: How is one’s memory for an event, specifically memory

for central and peripheral information, affected by arousal dur-
ing the encoding of the event (in our example, the witnessing
of the burglary), post-event stress (the first, stressful inter-
rogation), and additional post-event information (the other wit-
ness’s retelling)? Laboratory research over the last decades has
started to characterize the effects of emotional arousal and stress
on memory. Arousing material is typically better remembered
than neutral material, an effect mediated by the sympathetic
nervous system (SNS) and its release of the catecholamines
adrenalin and noradrenalin (see Cahill and McGaugh, 1998).
The emotional memory enhancement appears to be especially
pronounced for central aspects of the arousing item, whereas
emotional arousal often impairs memory for peripheral details.
This has been interpreted as a result of attentional narrowing
(Easterbrook, 1959; Christianson, 1992). Post-encoding effects
mediated via a modulation of to be consolidated information
might also contribute to this effect.

Arousal is associated with an activation of the SNS, a more
serious threat to the physical or social self in contrast leads to
stress, accompanied by activation of the hypothalamus pituitary
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adrenal (HPA) axis (Mason, 1968; Dickerson and Kemeny, 2004).
The hormones of the HPA axis, namely Corticotrophin Releasing
Hormone (CRH), Adrenocorticotrophin (ACTH), and cortisol
are known to influence learning and memory. In real life, as illus-
trated by our example, arousal and stress may occur in short
succession. Thus, an important research question is how stress
interacts with arousal to influence memory.

The influence of post-learning stress on memory has been
investigated by Cahill et al. (2003). The authors employed pic-
tures that evoked different levels of arousal. It was found that
post-learning stress selectively enhanced memory for the arousing
slides. Hence, in this study memory depended on the interac-
tion between post-learning stress and the level of arousal during
encoding. Similar findings have been reported by others (e.g.,
Smeets et al., 2008). This observation is also consistent with find-
ings from animal studies indicating that noradrenergic arousal
is a prerequisite for the modulatory effects of cortisol or other
glucocorticoids on memory (for a review, see Roozendaal et al.,
2006).

Although some studies did not find an interaction between
arousal and the effects of stress or glucocorticoid manipulations
on memory (e.g., Preuss and Wolf, 2009), the above findings sug-
gest a possible interaction between arousal and post-encoding
stress: memory for stimuli is enhanced when (1) the stimuli
are encoded under arousal (vs. non-arousal), and (2) stress is
experienced soon after the encoding episode.

However, extant research faces three main limitations. First,
existing manipulations of emotion or arousal have been particu-
larly afflicted by the problem of potential confounds to the extent
that they have relied on different stimulus material (negative or
arousing vs. neutral). Stimulus-based variations in arousal lead
to unavoidable confounds between arousing vs. neutral pictures.
Effects for emotionally arousing visual stimuli, such as the sight of
a wound or a weapon, may be due to attentional capturing, visual
salience, or novelty rather than arousal per se (see Mather and
Sutherland, 2011). An alternative approach is the use of thematic
arousal, for instance, arousal induced by an accompanying story
or by the instructions given to the subjects (Laney et al., 2004;
Payne et al., 2007; also see Heuer and Reisberg, 1990; Cahill and
McGaugh, 1995). A manipulation of thematic arousal induces
different experiences of the same stimulus material, thus circum-
venting the problems of stimulus-based manipulations. Studies
that have manipulated thematic arousal, however, have not exam-
ined the interplay between thematic arousal and post-learning
stress.

Second, most research on emotional memory has used static
pictures with different emotional contents as stimulus mate-
rial, for instance, from the International Affective Picture System
(IAPS) data base. While this approach has several advantages,
real-life events are dynamic rather than static. Hence, the focus
on static pictures constrains generality and external validity of
the research. Beckner and coworkers (2006) have used a movie
in order to assess the impact of post-learning stress on mem-
ory. They found, in line with Cahill et al. (2003), enhancing
effects of post-event stress on memory. However, those authors
did not vary the level of arousal induced by the movie and
reported that the movie about a dinner party was not intended

to be arousing (Beckner et al., 2006). In the domain of mili-
tary survival training, Morgan and colleagues (2004) tested the
accuracy of eyewitness identification of military personnel who
had interrogated the participants under either extremely high or
low stress. Overall, identification accuracy was better under low
stress. However, the study differed in several respects from the
present approach, mainly because the source of stress and the
to-be-remembered stimulus were confounded, there was no sep-
arate induction of arousal, and stress occurred already during the
encoding phase.

Third, previous studies of post-event stress effects on mem-
ory have not distinguished between central and peripheral details
(Cahill et al., 2003; Rimmele et al., 2003). However, classical
research has found that memory for peripheral and central infor-
mation can be differentially affected by arousal (Christianson,
1992). Studies on patients with amygdala damage suggest that the
effect of emotional arousal on memory for central (vs. peripheral)
material is subserved by the amygdala (Adolphs et al., 2005). It has
been found that glucocorticoids released during stress influence
memory consolidation via a modulatory effect on the amygdala
(Cahill and McGaugh, 1998). Hence, effects of post-event stress
might differ for central versus peripheral details of an arousing
event.

The goal of the present study was to investigate how post-
encoding stress will affect memory depending on the thematic
arousal of the initial learning episode. In so doing, we wanted to
redress the shortcomings described above. Specifically, we exam-
ined whether this effect differs for peripheral and central details of
the witnessed event. Drawing on the research discussed above we
predicted that under high thematic arousal post-learning stress
would enhance memory for the central elements of an event (e.g.,
a cashbox grabbed by the burglar) at the expense of peripheral
items (e.g., a video tape remaining untouched on a shelf). We
also examined whether the increase in cortisol would statistically
mediate such a potential stress effect. To our knowledge, such an
analysis has not been reported.

Furthermore, we explored possible effects on memory for
false post-event information. Published research on the role
of stress in experimentally induced false memories is scarce.
The few extant studies (Payne et al., 2002; Smeets et al., 2006,
2008) have focused on false memories for word stimuli resulting
from semantic associations in the Deese-Roediger-McDermott
paradigm (Roediger and McDermott, 1995), yielding mixed
evidence. In the present study, we examined whether thematic
arousal during observation and post-event stress would moderate
the extent to which participants would falsely remember post-
event misinformation. Participants read a post-event narrative
about the witnessed event that contained several false details.
These false details were minor additions to the actual scenes
(e.g., a tennis racket on a basement shelf in the background) and
thus were more similar to peripheral (vs. central) information.
Impaired memory for peripheral information resulting from
stress or arousal (e.g., Christianson, 1992) could thus facilitate
the implantation of false details, leading to a greater effect of
post-event misinformation on eyewitness memory. On the other
hand, it has been found that negative mood reduces the effect
of post-event misinformation, presumably due to enhanced,
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and more “suspicious,” bottom-up scrutiny of the environment
(Forgas et al., 2005).

Because the event description predominantly reported cor-
rect information, it also allowed participants to rehearse, or
re-encode, the described parts of the witnessed event. Hence, we
also examined the effect of this rehearsal on memory for correct
event details.

MATERIALS AND METHODS

OVERVIEW

The experiment consisted of four main stages (see Figure1l),
(1) encoding of a target event (with or without thematic
emotional arousal), (2) manipulation of psychosocial stress,
(3) rehearsal of the event information based on an event descrip-
tion, which contained many correct event details and some addi-
tional false, non-event details, and (4) a recognition test for the
target event.

In the first stage, participants witnessed a video-filmed event
depicting a burglary. Arousal during the viewing of the event
(low vs. high arousal) and subsequent stress (post-event stress vs.
no-post-event stress control) were varied independently. In the
high thematic arousal condition, participants received instruc-
tions that were designed to produce heightened emotional arousal
during the encoding of the target event. Specifically, partici-
pants were induced to anticipate seeing a version of the video
showing a distressing, possibly violent incident. In the low the-
matic arousal condition, participants learned that the event
they would see was unlikely to be experienced as distressing.
This manipulation induces different emotional arousal concern-
ing the same content material. Thus, it avoids potential con-
founds of manipulations inducing different levels of arousal by

presenting participants with to-be-remembered material that is
either emotionally arousing (for instance, shocking pictures) or
neutral (see Cahill and McGaugh, 1995; Laney et al., 2004).

In the second stage, after event encoding, a stress manipulation
was employed. For approximately half of the participants from
both thematic arousal groups we administered the Trier Social
Stress Test (TSST; Kirschbaum et al., 1993) to induce psychosocial
stress (post-event stress condition). The remaining participants
experienced a non-stressful situation (no-stress control condition).
In the third stage, after the stress manipulation, participants were
asked to read a narrative description of the witnessed incident. No
further reason was given for including this description. For the
most part, the description correctly described the original event
but also contained some non-event items (i.e., items not shown
in the original event).

After a short interval, we administered a yes/no recognition
test. The test contained event items (i.e., items that did appear in
the video-filmed event) and non-event items (i.e., items that did
not appear in the video-filmed event). Based on previous research
employing the same material (Echterhoff et al., 2007), we distin-
guished between peripheral and central event items. Among the
non-event items, half were items that were falsely mentioned in
the event description (false additional items), the other half were
items that appeared in neither the video-filmed event nor the nar-
rative (new items). Cortisol measures were taken at the beginning
of the test session (baseline), and then approximately 1, 10, and
20 min after the TSST.

PARTICIPANTS
Participants were 88 male students at Bielefeld University (mean
age 24.3 years, ranging from 19 to 37). They were informed

Stage 1 Stage 2 Stage 3| |Stage 4
Stress
Observe |- |nduction [ > —>
Video (TSST)
under Cortisol
High No Strase Reading of +20min.
Thematic > Induction 2| Cortisol |- Event L)
Cortisol Arousal (Control) +1min. Description
Baseline [y
Recognition
PANAS v T Test
Baseline
0\232:& | Induction I panas [ cortisol [
under (TSST) +10min. Suspicion
Low Check
Thematic No Stress
Arousal [ Induction [ > >
(Control)

FIGURE 1 | Overview of the procedure; the duration of the video was ~12 min, the duration of the TSST was ~15 min.
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that the study was about the perception and communication of
events. None of the participants reported suffering from acute or
chronic diseases or taking medication. The data were collected
in two main waves, with the first wave (n = 43) taking place
one semester before the second wave (n = 45). Each participant
received either a compensation of 10 € or curricular credit. The
experiment, including the treatment of human subjects, was
approved by the ethics committee of the German Psychological
Association (Deutsche Gesellschaft fiir Psychologie). The guide-
lines of the Declaration of Helsinki and standards of the American
Psychological Association (APA) were followed. Informed con-
sent was obtained from all participants.

DESIGN

The basic design of the experiment was 2 (low vs. high the-
matic arousal) x 2 (post-event stress vs. no post-event stress),
varied between participants. For analyses of event items, we
also included centrality (central vs. peripheral) and rehearsal
(rehearsed vs. non-rehearsed) as two within-participants factors,
yieldinga 2 x 2 x 2 x 2 mixed design. For analyses of non-event
items, addition in the event description (false additional vs. new)
was employed as a within-participants factor, yielding a 2 x 2 x
2 mixed design. The primary dependent variable was the propor-
tion of “yes” responses in the recognition test, analyzed separately
for the different levels of the within-participants factors (i.e., the
different item types).

MATERIALS

As the target event we used a video (lasting ~12min) that
had been employed successfully in previous studies of eyewit-
ness memory (Echterhoff et al., 2005, Experiment 4; Echterhoff
et al., 2007). The video depicted a burglar searching a house for
valuables after a resident (a young woman) has left. Following
Echterhoff et al. (2007), we distinguished between central or
peripheral event items. Central event items were clearly visible
for an extended period of time, often at the center of the video
image, and were manipulated by a protagonist (e.g., a cashbox
grabbed by the burglar). In contrast, peripheral event items were
presented for a shorter time, mostly at the periphery of the video
image, and were not visibly manipulated by a protagonist (e.g., a
video tape on a shelf in the living room). In the present study we
employed 16 central and 16 peripheral event items. In previous
pretests of the stimulus material, which did not include post-
event information (Echterhoff et al., 2007), correct recognition
for the central event items was high, without reaching a ceiling
(hit rates between 0.80 and 0.90), whereas correct recognition
for the peripheral event items was significantly lower, without
reaching a floor (hit rates between 0.25 and 0.50). Thus, central
event items were better remembered than were peripheral event
items.

In the high thematic arousal condition participants received the
following instruction just before watching the target video: “You
will be watching one of two different versions of the video. In one
of the two versions there is a surprising turn, involving a physical
confrontation between the protagonists. In the other version there
will be no such a confrontation. Although the version is selected
by chance, it is more likely that you will see the version depicting

the confrontation than the other version.” The expression “the
protagonists” obviously referred to the young woman and the
burglar. In the low thematic arousal condition, participants were
just told that they would be watching one of two different ver-
sions of the video, and that these versions would differ in some
visual features. A possible confrontation was not mentioned. In
truth, there was no violent version of the video—the same (non-
violent) version of the video was presented to all participants. We
designed this type of manipulation to ensure that differences in
participants’ emotional states were not due to differences in the
observed stimulus material but to differences in their expecta-
tion of possibly seeing arousing material. Thus, we could avoid
confounds which are faced by arousal manipulations based on
different content of the stimulus material, for instance shocking,
unfamiliar, or perceptually salient vs. non-shocking, familiar, or
non-salient (see Laney et al., 2004).

The effectiveness of this arousal manipulation was established
in a pretest with 50 male participants (students at Bielefeld
University, mean age 26.7 years) who received a compensation
of 3 €. The pretest participants were randomly assigned to the
high-arousal instruction condition (n = 25) or the low-arousal
instruction condition (n = 25). Participants’ arousal was assessed
at two times: (1) midway through the video (after approximately
half of the running time), and (2) immediately after the end of
the video. At each time, participants completed four rating items
on eight-point scales, each anchored with 1 (not at all) and 8
(very much): How nervous do you feel? How tense do you feel?
How calm are you right now? How relaxed are you? (The latter
two items were reverse coded.) To permit participants to pro-
vide their ratings at time 1 (i.e., in the middle of the video),
the video was briefly interrupted. We did not probe for arousal
by this procedure in the main experiment because the interrup-
tion could interfere with relevant memory processes such as the
encoding of the target event. The reliability of the eight ratings
(i.e., the four items administered during and after the video) was
high (Cronbach’s a = 0.92). The eight single scores were aver-
aged, yielding one mean score of arousal for each participant.
Arousal was significantly higher for participants in the high-
arousal instruction (M = 3.24, SD = 1.42) than for participants
in the low-arousal instruction condition (M = 2.65, SD = 1.24),
tus) = 2.03, p = 0.048, 1 = 0.08 (two-tailed test).

As in previous studies (Echterhoff et al., 2005, Experiment 4;
Echterhoff et al., 2007) we employed two different versions of the
event description (each approximately 1000 words). Version A
contained one half of the 32 event items, while version B con-
tained the other half of the event items. Event items that were
included in an event description were rehearsed (rehearsed event
items), whereas event items that were not included in the event
description were not rehearsed (non-rehearsed event items). The
sets of 16 rehearsed and 16 non-rehearsed event items each con-
sisted of eight central and eight peripheral items. Thus, the event
description contained an equal number of central event items
(e.g., the cashbox grabbed by the burglar) and peripheral event
items (e.g., the video tape on a living-room shelf).

The event description also contained non-event items, i.e.,
items that were not shown in the target event (e.g., a tennis
racket on a basement shelf). We used the same pool of 32
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non-event items used in previous studies (Echterhoff et al., 2005,
Experiment 4; Echterhoff et al., 2007). Version A of the event
description contained one half (i.e., 16) of the non-event items,
while version B contained the other half (i.e., 16) of the non-
event items. Non-event items included in a description are called
false additional items, whereas non-event items not included in a
description are called new items. (New items were thus not pre-
sented in either the target event or the event description.) In
previous pretests of the stimulus material, which did no employ
post-event information (Echterhoff et al., 2007), false alarm
rates for non-event items were significantly above 0 (between
0.15 and 0.25).

In the yes/no recognition test, participants decided whether
items had appeared in the original event. The test consisted of
32 event items (eight non-rehearsed peripheral event items, eight
rehearsed peripheral event items, eight non-rehearsed central
event items, eight rehearsed central event items) and 32 non-event
items (16 false additional items and 16 new items).

SALIVARY COLLECTION AND ANALYSIS

Saliva was collected using Salivette collection devices (Sarstedt,
Nuembrecht, Germany). Samples were kept in a freezer until
completion of the study. Salivary cortisol was measured out
of these samples using a commercially available Immuno-Assay
(IBL, Hamburg). Inter- and intra-variations of this assay are
below 10%. The analyses were conducted in a biochemical lab-
oratory under direction of Professor Clemens Kirschbaum at the
Technical University of Dresden, Germany.

PROCEDURE

Stage 1

Upon entering the lab, participants read and signed an informed
consent form that described the procedure of the study. To obtain
a baseline measure of cortisol (referred to as cortisol baseline) a
first saliva sample was taken from participants. Participants also
completed the Positive and Negative Affect Schedule (PANAS;
Watson et al., 1988). The PANAS consists of 20 adjectives describ-
ing negative (e.g., angry, irritated) and positive affective states
(e.g., attentive, excited). The participants were asked to indicate
how much the words matched their current mood (on rating
scales from 0 to 5, with higher numbers indicating stronger agree-
ment). Positive and negative affect measures can be independent,
and related studies have typically found effects of stress on nega-
tive affect (see Schoofs et al., 2008); hence we focus on the analysis
of negative affect. The mean score of the negative affect items
from the PANAS scale from this initial administration served as
a baseline measure.

Participants then watched the video depicting the target event
on a TV monitor with a screen diagonal of 60 cm (24”) at a dis-
tance of approximately 1.50 m (5ft.) either under low or high
arousal. The low thematic arousal condition was employed in the
first wave of the study, while the high thematic arousal condition
was employed in the second wave of the study.

Stage 2
Next, post-event stress was manipulated. In the post-event stress
condition (n = 44), we induced psychosocial stress with the TSST

(Kirschbaum et al., 1993). The TSST consists of a short prepa-
ration period (2 min) followed by a 5-min self-produced speech
(i.e., a speech in a fictitious job interview focusing on personal
strengths and weaknesses) in front of a committee (consisting
of a female and male confederate wearing white coats) and a
5-min mental arithmetic exercise (counting backwards from 2043
in steps of 17). During these procedures, participants are video-
taped and can see themselves on a monitor in the back of the
room. The TSST has been shown to reliably induce a significant
activation of the HPA axis and the SNS (Kirschbaum et al., 1993).
In the no-post-event-stress condition (n = 44), participants were
asked to give a 5-min speech about a movie or a book of their
choice and to perform mental arithmetic in an empty room for
another 5min (see Het et al., 2009). This control condition is
relatively similar in physical and mental workload but lacks the
stress-inducing components of the TSST, which are social eval-
uative threat and uncontrollability (Mason, 1968). In a recent
meta-analysis, the TSST was found to provoke the most robust
physiological stress responses (i.e., cortisol stress responses) rel-
ative to various other laboratory stress tasks (Dickerson and
Kemeny, 2004).

Approximately 1 min after the TSST, a second saliva sample
(cortisol +1min) was taken. Participants completed again the
PANAS (post-stress induction measure). As for the baseline mea-
sure, the mean negative affect score served as a subjective measure
of the impact of post-event stress on participants’ mood.

Stage 3

All following materials were presented on a Laptop with a
15-inch monitor using the experimental software MediaLab
(Jarvis, 2005). Participants read the event description, which con-
tained one of the two sets of 16 event items (eight central,
eight peripheral) and one of the two sets of 16 non-event items,
depending on the version of the description (A or B). We coun-
terbalanced rehearsed and non-rehearsed event items as well as
false additional versus new items by providing one half of the par-
ticipants with version A of the event description and the other
half of the participants with version B. An equal distribution of
the two versions was ensured within the between-participants
conditions.

After the presentation of the event description, ~10 min after
the post-event stress manipulation, a third saliva sample (corti-
sol +10 min) was taken. We then administered two rating scales,
which served as a filler task (lasting ~10 min).

Stage 4

Approximately 20 min after the post-event stress manipula-
tion a fourth saliva sample (cortisol +20min) was collected.
Immediately afterwards, the yes/no recognition test was admin-
istered (for the items, see “Materials”). The items were presented
in a random order and remained on the computer screen until
participants responded by pressing a yes or no button. In a fun-
neled post-experimental suspicion check, participants were first
asked to guess the purpose of the study and then probed more
specifically about their beliefs concerning the role of the TSST
and the post-event description. The data of four participants
were excluded from the analyses because the participants exhib-
ited high insight into the rationale of the study, resulting in the
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sample described above (see “Participants”). In the debriefing ses-
sion great care was taken to reduce the likelihood of negative
consequences for participants in the post-event stress condition
(see, e.g., Het et al., 2009).

All statistical tests were two-tailed, except when noted other-
wise. Regarding effect size, we report n? (eta squared) and nf,
(partial eta squared).

RESULTS

INDUCTION OF POST-EVENT STRESS

As can be seen in Figure2, the TSST successfully induced
post-event stress at all three measurement times (+1, +10,
and 420 min). We conducted a mixed 2 (post-event stress vs.
no post-event stress) x 2 (low vs. high thematic arousal) x 4
(baseline vs. +1 vs. +10 vs. +20) ANOVA, with the first two vari-
ables varying between subjects and time of measurement varying
within subjects. Cortisol concentrations were overall higher in the
post-event-stress group (vs. the no-post-event-stress group), as
indicated by a main effect of post-event stress, F(;, s4) = 30.67,
p < 0.001, n?) = 0.27. Importantly, a significant main effect of

measurement time [F(3, 252) = 42.76, p < 0.001, nf, = 0.34] was
qualified by a significant two-way interaction between post-
event stress and measurement time [F(3, 258) = 40.83, p < 0.001,
T]lzJ = 0.33], reflecting the larger increase in cortisol in the post-
event-stress (vs. no-post-event-stress) condition. No other sig-
nificant effects emerged, all Fs < 1, ns. We also tested effects

of post-event stress at each measurement time with pairwise

comparisons. Whereas no effect of post-event stress was found for
cortisol baseline (F < 1, ns), cortisol was significantly higher for
the post-event-stress group than the no-post-event-stress group
for other measurement times, F(;, g4) = 14.28, 54.78, and 53.94;
all ps < 0.001, né = 0.15, 0.40, and 0.39; for cortisol +1, +10,
and 420, respectively.

Within the post-event stress condition alone, all three corti-
sol measures after the TSST were significantly higher than the
baseline measure, all ts43) > 7.85, all ps < 0.001 (calculated by
pairwise comparisons). In this condition, the peak cortisol level
was reached at +10 min; this level was the only one differing sig-
nificantly from all three other levels, all ts43) > 4.25, all ps <
0.001. We calculated cortisol increase for use in subsequent anal-
yses by subtracting the baseline scores from the mean of the three
post-treatment cortisol measures. Existing research suggests that
the thematic arousal manipulation would not induce changes in
cortisol concentrations (Dickerson and Kemeny, 2004). Indeed,
we found no evidence for arousal-induced cortisol changes,
Fs < 1.

In the stress condition participants’ reported affect became
more negative (see Figure 3), as indicated by a significant interac-
tion between post-event stress and measurement time [F(j, g4y =
53.52, p < 0.001, nf, = 0.39] from a mixed 2 (post-event stress
vs. no post-event stress) x 2 (low vs. high thematic arousal)
x 2 (baseline vs. post-stress measure) ANOVA. This interaction
qualified significant main effects of post-event stress [F(i, g4y =
27.58, p < 0.001, né = 0.25] and measurement time stress

- — Low thematic arousal/Post-event stress

-£1— Low thematic arousal/No post-event stress
—e— High thematic arousal/Post-event stress
—=a— High thematic arousal/No post-event stress

20

Mean cortisol level

+10 min +20 min

+1 min

Baseline
Time of cortisol measurement
FIGURE 2 | Mean cortisol level (baseline and at 1, 10, and 20 min after

the post-event stress manipulation) as a function of thematic arousal
and post-event stress.

-0 — Low thematic arousal/Post-event stress

-£1— Low thematic arousal/No post-event stress
—e— High thematic arousal/Post-event stress
—=a— High thematic arousal/No post-event stress

22

Mean negative affect score

Baseline Post stress

Time of measurement
FIGURE 3 | Mean negative affect scores from PANAS (baseline and

post-stress) as a function of thematic arousal and post-event stress.
Higher values indicate more negative affect.
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[F(1, 84y = 19.05, p < 0.001, né = 0.19]. Whereas negative affect
did not differ between the stress group (M = 1.49, SD = 0.42)
and the no-stress control group at baseline (M = 1.44, SD =
0.36) [F < 1, ns], it was significantly more negative after the
stress induction (M = 2.10, SD = 0.67, vs. M = 1.28, SD = 0.27;
for the stress and control group, respectively), F(, g4y = 55.10,
p < 0.001, T]lzJ = 0.40. No other significant effects emerged, all
Fs < 1, ns.

MEMORY FOR EVENT ITEMS

Table 1 (left panel) contains the mean recognition rates for event
items (proportions of hits, i.e., correct yes-responses). The data
were entered into a mixed 2 (post-event stress vs. no post-event
stress) x 2 (low vs. high thematic arousal) x 2 (central vs. periph-
eral items) x 2 (rehearsed vs. non-rehearsed item) ANOVA, with
the first two variables varied between subjects and the latter two
varied within subjects. Consistent with previous findings for the
present eyewitness material (Echterhoff et al., 2007), the hit rate
for central event items (M = 0.82, SE = 0.01) was higher than
the hit rate for peripheral event items (M = 0.42, SE = 0.02), as
indicated by a significant main effect of item centrality, F1, g4y =
317.51, p < 0.001, n?) = 0.79. Also, the additional presentation
of information in the post-event description enhanced recogni-
tion memory: the hit rate for rehearsed event items (M = 0.67,
SE = 0.02) was higher than for non-rehearsed event items, i.e.,
event items not included in the post-event description (M =
0.57, SE = 0.02), as revealed by a significant main effect of
rehearsal, F(;, g4) = 26.84, p < 0.001, nf, = 0.24. We found no
significant interactions between rehearsal, on the one hand, and
arousal and/or post-event stress, on the other hand, all Fs < 1.
Hence, it was not necessary to include rehearsal in the subsequent
analyses of arousal and stress effects.

Importantly, the ANOVA also yielded the predicted signifi-
cant post-event stress x thematic arousal x centrality interaction,
F(1, 84 = 7.26, p = 0.009, 0} = 0.08. (The ANOVA yielded no
other significant effects, all Fs < 1.84, all ps > 0.18.) This three-
way interaction supports the notion that the level of memory
enhancement for central (vs. peripheral) event items depends on
the interaction of thematic arousal and post-event stress. We note
that this interaction remained significant in separate analyses for

both rehearsed and non-rehearsed event items, F(i, g4y = 5.12,
p=10.026, 0y = 0.06, and F(1, g4y = 4.31, p = 0.041, 15 = 0.05,
respectively.

A closer examination of the interaction showed that, consistent
with our prediction, the recognition advantage of central event
items over peripheral event items was most pronounced under
high thematic arousal and post-event stress (see the recognition
rates for periperhal/all and central/all event items in Table 1). We
used a complex, weighted contrast to test whether this difference
was significant, coding the high thematic arousal/post-event-
stress condition with 41, and each of the other three conditions
with —1/3. For ease of interpretation, we calculated a centrality
bias by subtracting the hit rate for peripheral event items from
the hit rate for central event items, with greater values indicating
a stronger centrality bias. The means and standard errors for the
four experimental groups are depicted in Figure 4. Importantly,
the mean centrality bias in the high thematic arousal/post-event-
stress group (MD = 0.49, SD = 0.21) was significantly greater
than the mean centrality bias in the three other conditions
(MD = 0.38, SD = 0.22), F(1, 84) = 4.41, p = 0.039, 1% = 0.05.
According to Cohen (1988), both the critical interaction and the
latter contrast yielded medium-size effects.

There was no significant difference between the low the-
matic arousal/no-post-event-stress group and the low thematic
arousal/post-event-stress group, F = 1.19, ns. When no post-
event stress was induced, the centrality bias was even greater in the
low thematic arousal condition than in the high thematic arousal
condition, F(1, g4y = 4.32, p = 0.041, 2 = 0.05.

We also explored possible differences between the four
arousal/post-event stress groups separately for central and
peripheral details. The hit rate for central event items was
significantly higher under thematic arousal plus post-event stress
(M = 0.86) than under thematic arousal without post-event
stress (M = 0.78), Fq, ge) = 5.17, p = 0.026, nf, = 0.06. This
effect is consistent with the idea that additional post-event stress
after arousal enhances memory for central information.

No other difference reached conventional significance levels;
for central event items, Fs < 2.13, ps > 0.15. For peripheral event
items we found the following trends: there was a trend toward
a lower hit rate in the high thematic arousal plus post-event

Table 1 | Mean recognition rates (standard deviations) as a function of thematic arousal, post-event stress, and item type.

Group Event items Non-event items
Peripheral/ Peripheral/ Peripheral/ Central/ Central/ Central/ False New
non-rehearsed rehearsed all non-rehearsed rehearsed all additional
M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) M (SD)

LOW THEMATIC AROUSAL

Post-event stress 0.39 (0.21) 0.53(0.23) 0.46 (0.18) 0.79 (0.14) 0.88 (0.13) 0.83 (0.09) 0.52 (0.20) 0.32 (0.19)

No post-event stress 0.29 (0.24) 0.43(0.30) 0.36 (0.24) 0.78 (0.15) 0.84 (0.16) 0.81(0.13) 0.37 (0.26) 0.26 (0.15)

HIGH THEMATIC AROUSAL

Post-event stress 0.33(0.22) 0.42(0.26) 0.37 (0.20) 0.83(0.14) 0.89 (0.13) 0.86 (0.10) 0.42 (0.25) 0.28(0.17)

No post-event stress 0.40 (0.24) 0.54 (0.24) 0.47 (0.18) 0.76 (0.18) 0.80 (0.14) 0.78(0.13) 0.50 (0.21) 0.39 (0.20)

Note: The scores for peripheral/all and central/all are collapsed across the non-rehearsed and rehearsed data. See text for further explanations of item types.
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FIGURE 4 | Mean centrality bias (hit rate for central event items— hit
rate for peripheral event items) as a function of post-event stress and
thematic arousal, collapsed across rehearsal conditions. Bars represent
standard errors.

stress group (M = 0.37) than in the high thematic arousal/no
post-event stress group (M = 0.47), F(1, g4y = 2.60, p = 0.111,
nf, = 0.03, and toward a higher hit rate in the latter group com-
pared to the low thematic arousal/no-post-event stress group
(M = 0.36), E(1, g4y = 3.19, p = 0.078, nf, = 0.04. Hence, in the
absence of stress, thematic arousal did not reduce but, if any-
thing, even enhanced the hit rate for peripheral event items. There
was also a trend toward a lower hit rate for peripheral items in
the no-post-event stress/low thematic arousal group (M = 0.36)
compared to the post-event stress/low thematic arousal group
(M = 0.46), F(1, 84) = 2.54, p = 0.115, n; = 0.03.

MEMORY FOR NON-EVENT ITEMS

Table 1 (right panel) contains the mean recognition rates for non-
event items, separately for items falsely added in the post-event
description and completely new items. Overall, the rate of erro-
neous yes-responses for false additional items was significantly
higher than the rate of erroneous yes-responses for completely
new items [F(j, g4) = 36.69, p < 0.001, nl% = 0.30], as calculated
with a mixed 2 (post-event stress vs. no post-event stress) x 2
(low vs. high thematic arousal) x 2 (false additional vs. new)
ANOVA. This effect captures the well-known effect of post-event
misinformation (Loftus, 2005). The effect did not differ across
the experimental groups, all Fs < 1.24, ns. Thus, there was no evi-
dence that stress and/or thematic arousal moderated the influence
of falsely suggested misinformation.

RESPONSE BIAS
We also examined if the key finding (i.e., the interaction between
thematic arousal and post-event stress for the acceptance of

central vs. peripheral event items) could possibly be due to dif-
ferences participants’ response bias. We calculated a standard
response bias estimate (B,) following the formula proposed by
Snodgrass and Corwin (1988), FA/[1 — (H — FA)], with FA rep-
resenting the false alarm rate (accepted new items) and H the
hit rate for all event items (central and peripheral). The 2 (post-
event stress vs. no post-event stress) x 2 (low vs. high the-
matic arousal) ANOVA yielded no significant interaction effect,
Fq, 84y = 2.10, p = 0.16. When we included the hit rate only
for central items and only for peripheral items in the calcu-
lation of the response bias, the interaction effects remained
non-significant, both Fs < 1, ps > 0.44. Hence, there was no evi-
dence that response bias differences contributed to our main
finding.

MEDIATION OF THE CENTRALITY EFFECT OF POST-EVENT

STRESS UNDER HIGH THEMATIC AROUSAL

The previous analyses revealed that participants experiencing
post-event stress under high thematic arousal exhibited a greater
memory centrality bias (a positive difference between the recog-
nition rate for central event items and the recognition rate for
peripheral event items) than participants experiencing only high
thematic or post-event-stress. Finally, we examined whether this
centrality effect of post-event stress under high thematic arousal
condition was statistically mediated by the cortisol response, our
main biological stress marker.

As recommended by Baron and Kenny (1986) we conducted
bivariate regressions from post-event stress on cortisol increase
and from cortisol increase on centrality bias and a stepwise linear
regression for the memory centrality bias as dependent variable,
with post-event stress as the single independent variable entered
in Step 1, and the proposed mediator, cortisol increase, as an addi-
tional independent variable entered in Step 2. The main findings
from these regressions are summarized in Figure5. We found
that all four standard conditions of mediation proposed by Baron
and Kenny (1986) were met. Consistent with the above ANOVAs,
both the centrality bias and cortisol increase were significantly
higher in the post-event-stress condition than the no-stress con-
dition, B = 0.39, t43) = 2.75, p = 0.009, and p = 0.59, t43) =
4.77, p < 0.001 (Conditions 1 and 2, respectively). Also, larger
cortisol increase was associated with a higher centrality bias,
p = 0.46, t43 = 3.34, p=10.002 (Condition 3). When post-
event stress (contrast-coded: without stress = —1, with stress =
+1) and cortisol increase were both included as predictors of cen-
trality bias, only cortisol increase remained significant, § = 0.35,
t2) = 2.07, p = 0.045, whereas the effect of post-event stress was
reduced to non-significance, § = 0.18, t42) = 1.09, p = 0.283
(Condition 4). The indirect effect of post-event stress on the cen-
trality bias via cortisol increase was significant in a Sobel test of
mediation (Sobel, 1982), Z = 1.86, p = 0.031 (one-tailed). These
findings show that the effect of post-event stress on the central-
ity bias under high thematic arousal was mediated by the cortisol
response.

DISCUSSION

In our study, eyewitnesses’ memory for a witnessed event was
influenced by the combined effect of thematic arousal during
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Cortisol
Increase
59" .35* (.46**)
Postevent Memory
Stress Centrality Bias
18 (.39*)

FIGURE 5 | Mediation analysis for the high thematic arousal condition,
with post-event stress (control = —1, stress = +1) as independent
variable, cortisol increase as mediator, and memory centrality bias
(proportion of accepted central event items minus proportion of
accepted peripheral event items) as dependent variable. Path
coefficients are standardized B-coefficients from (multiple) regression
analyses. The numbers in parentheses represent the direct effect (bivariate
B-coefficients) of each of the two predictors (post-event stress and cortisol
increase) prior to the inclusion of the other predictor. See text for the
calculation of cortisol increase. *p < 0.05, **p < 0.01, ***p < 0.001
(two-tailed).

encoding and subsequent social stress, which was unrelated
to the event itself. The affected dimension was the centrality
bias in recognition memory, that is, the recognition advan-
tage for central event items over peripheral event items. This
centrality bias was more pronounced under high thematic
arousal and post-event stress than under high thematic arousal
without post-event stress or under post-event stress without
thematic arousal. In other words, the centrality bias in mem-
ory was greater when thematic arousal during the witness-
ing of the incident was followed by stress compared to the
conditions in which participants experienced either arousal or
post-event stress. The effect on the centrality bias was appar-
ently due to both an increased hit rate for central event items
and a decreased hit rate for peripheral event items. Thus,
although we did not find effects on the overall quantity of
remembered information, we could demonstrate differences in
the type or quality of remembered information (central vs.
peripheral).

This finding is consistent with previous research that found an
interaction between arousal during encoding and post-encoding
stress (Cahill et al., 2003). However, our study remedies a weak-
ness of this extant work, that is, the potential confounds of
the arousal manipulation. Inevitably, arousing stimulus material
differs from non-arousing material in ways that are unrelated
to arousal or emotional valence, for instance, unexpectedness,
visual salience, or relatedness to other knowledge. In contrast, by
manipulating the perception of the material with identical stimu-
lus material, we avoided such potential confounds (also see, e.g.,
Laney et al., 2004; Payne et al., 2007). Furthermore, we distin-
guished between peripheral and central stimulus information.
The design of our study allowed us to detect opposite effects
of arousal followed by post-event stress for peripheral and cen-
tral event items. We could thus demonstrate previously unknown
conditions for the narrowing of memory, which has been a key
concept of research on the interplay of emotion and cognition
(see Christianson, 1992).

Our results have implications for legal and crimino-
logical practice, particularly the treatment of eyewitnesses.

Legally relevant events like accidents and crimes are likely
to induce arousal in common eyewitnesses. Hence, eyewit-
nesses are likely to have experienced arousal during obser-
vation of an incident. They may also be exposed to social
stress shortly after the incident, for instance, during an inter-
rogation. Our study suggests that legal practitioners should
be aware that such a combination of arousal during obser-
vation and post-observation stress could lead to a focus on
central aspects at the expense of peripheral details in eyewit-
nesses’ subsequent memory. This would be particularly unde-
sirable when information about peripheral elements of an
incident, for example, details indicating the use of a tool
or weapon, is relevant to the investigation (see Osterburg,
2010).

To our knowledge, our study is the first to examine the role
of neuroendocrine processes in stress effects on eyewitness mem-
ory, which is a key domain of applied cognitive psychology. We
obtained evidence for the neuroendocrine mechanism underly-
ing the observed centrality bias in eyewitness memory by means
of a mediation analysis. Since post-event stress led to a centrality
bias only under high thematic arousal, we restricted the analy-
sis for the stress effect to the high-arousal condition. We found
that—under high thematic arousal—the stress effect was statisti-
cally mediated by cortisol increase. This finding is consistent with
the notion that cortisol increase is a key biopsychological process
driving the effect of social stress on memory (Wolf, 2009).

Taken together, the findings in the stress condition are in line
with the idea that an interaction of the SNS and the HPA axis
boosts emotional memory via their joint effects on the amyg-
dala (Cahill and McGaugh, 1998; Roozendaal et al., 2009). The
enhanced memory for the central, or gist, information, which
resulted from the interaction of thematic arousal and stress, is
consistent with neuropsychological evidence of a special role of
the amygdala in memory for the gist of emotional events (Adolphs
et al., 2005).

In the current study we did not obtain a physiological measure
of arousal during the presentation of the video. Future studies
could assess heart rate, electrodermal activity, the startle reflex, or
the enzyme salivary alpha amylase. All these measures have been
shown to be responsive to the presentation of emotional arous-
ing material (Lang et al., 1990, 1993; Segal and Cahill, 2009).
Moreover, previous work suggests that when these measures are
obtained during stress, they can predict, in combination with cor-
tisol measures, emotional long-term memory (Smeets et al., 2008;
Zoladz et al., 2011).

We found no evidence that thematic arousal and/or post-event
stress affected participants’ memory for false post-event informa-
tion. Given the extant evidence, this result should not be taken as
a surprise. For other types of false memory the findings are incon-
sistent: Some researchers have found effects (Payne et al., 2002),
whereas others have not (Smeets et al., 2006, 2008). Also, the scant
evidence in the domain of memory suggestibility has not revealed
any stress effects (Eisen et al., 2002).

Apart from a few false details, the post-event narrative cor-
rectly described the events in the eyewitness video, which pro-
vided participants with an opportunity to rehearse the original
stimulus material. As expected, rehearsal (that is, inclusion
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vs. omission in the post-event narrative) enhanced the cor-
rect recognition rate. We note that the presentation of the
post-event narrative fell into the phase of pronounced cortisol
response to the previous stress induction. However, rehearsal
of event items was not found to interact with post-event
stress (and neither with thematic arousal). Hence, there was
no evidence that post-event stress moderated the rehearsal
effects.

Interestingly, when post-event stress was absent, the central-
ity bias was lower under high (vs. low) thematic arousal. Also,
when arousal was low, the centrality bias was relatively small
under post-event stress. Thus, there was no evidence for mem-
ory narrowing when arousal or post-event stress occurred alone.
As the data presented in Figure4 suggest, the centrality bias
found in the baseline condition (low arousal, no stress) apparently
decreased when either arousal or post-event stress were added,
but then increased again when arousal and stress were combined.
The exploratory data analyses suggest that these differences in
the centrality bias were predominantly due to differences in the
memory for peripheral event items: In the absence of post-event
stress, thematic arousal did not lead to a reduction but, if any-
thing, an increase in the hit rate for peripheral event items. In the
low-thematic arousal group, post-event stress did not lead to a
decrease but, if anything, a rise in the hit rate for peripheral event
items.

While we have no data that directly speak to this issue, we think
it is stimulating to consider possible factors that could account for
this interesting pattern. According to the arousal-biased competi-
tion model (Mather and Sutherland, 2011), arousal enhances the
priority of goal-relevant information over goal-irrelevant infor-
mation (for an application to eyewitness memory, see Hope
et al., 2012). This approach could explain the findings in the
stress/low-arousal and no-stress/high-arousal groups if one can
make a convincing case why peripheral details were perceived
as more relevant than central details. For instance, given the
nature of our stimulus materials our student participants might
have believed that details of the incident were particularly impor-
tant. However, we have no evidence that bears directly on this
claim. Also, a challenge for this approach is to explain the
enhanced centrality bias in the arousal-plus-post-event-stress
condition.

According to other research, thematic arousal can enhance
memory for all aspects, including peripheral elements, of an
observed event (Laney et al., 2004; also see Libkuman et al,
1999). This account could explain the enhanced memory for
peripheral details in the high arousal/no-stress group. Indeed,
thematic arousal, specifically apprehension about an upsetting
turn of events, could induce participants to explore the wit-
nessed material in more detail. However, it remains unclear how
this account could cover the effects of post-event stress and
the increased centrality bias in the arousal-plus-post-event-stress
condition.

Another perspective is offered by research on mood effects on
information processing. According to the mood-as-information
approach (see Schwarz and Clore, 1996; Bless and Fiedler,
2006), positive and pleasant mood states inform the perceiver
that the current situation poses no problems or risks, whereas

negative and unpleasant mood states signal potential prob-
lems or threats in the current situation. While positive mood
allows global, gist-oriented processing, negative mood induces
the perceiver to engage in detail-oriented processing, which is
typically adaptive in problem handling. By this view, the hit
rate for peripheral details under arousal or post-event stress
might be due to an increase in detail-oriented information
processing that is triggered by the corresponding unpleasant
mood state. A difficulty faced by this view is the lack of
increased negative affect in the no stress/high arousal condition
in our study (see Figure3). However, the affect measure was
administered approximately 15min after the arousal manipu-
lation, which may have been too late to detect existing mood
differences.

A mood-as-information account would have to be supple-
mented by an explanation for the reduced memory for periph-
eral details under both arousal and post-event stress: such an
explanation would have to assume the existence of a critical
threshold of activation or arousal, at which gist- or priority-
oriented information processing (Mather and Sutherland, 2011)
takes over and subdues or prevents detailed-oriented process-
ing. In our study, this threshold might be reached when high
arousal is immediately followed by the stress induction. By
this view, the effect of arousal on information processing,
specifically memory for central vs. peripheral details, approxi-
mates an inverted U-shape function (for similar concepts, see
Abercrombie et al., 2003; Rimmele et al., 2003; Diamond et al.,
2007). A moderate increase in arousal induces detail-oriented
processing, whereas a stronger increase reduces detail-oriented
processing in favor of a focus on central or globally rele-
vant stimuli. At the neuroendocrine level, a strong increase
would be reflected by a joint activation of the SNS and the
HPA.

In sum, our experiment demonstrates that thematically
induced arousal and post learning stress interact in a complex
fashion to enhance the centrality bias in recognition memory.
Because we used thematic arousal, the results cannot reflect
differences in stimulus quality. Moreover, since stress was admin-
istered after learning we can exclude effects on attention or initial
encoding. The mediation analysis revealed that the increased cen-
trality bias was mediated by the stress induced cortisol increase.
These findings extend previous observations (e.g., Cahill et al.,
2003) and suggest that the interaction of noradrenergic arousal
with the stress hormone cortisol, most likely via joint effects
on the amygdala, enhances emotional memories for central
details.
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Arousal-biased competition theory predicts that arousal biases competition in favor of per
ceptually salient stimuli and against non-salient stimuli (Mather and Sutherland, 2011). The
current study tested this hypothesis by having observers complete many trials in a visual
search task in which the target either always was salient (a 55 tilted line among 80° dis-
tractors) or non-salient (a 55° tilted line among 50° distractors). Each participant completed
one session in an emotional condition, in which visual search trials were preceded by neg-
ative arousing images, and one session in a non-emotional condition, in which the arousing
images were replaced with neutral images (with session order counterbalanced). Test tri-
als in which the target line had to be selected from among a set of lines with different
tilts revealed that the emotional condition enhanced identification of the salient target
line tilt but impaired identification of the non-salient target line tilt. Thus, arousal enhanced
perceptual learning of salient stimuli but impaired perceptual learning of non-salient stimuli.

Keywords: bottom-up salience, emotional arousal, optimal gain bias, pop-out search, threat, visual search

EVIDENCE FOR AROUSAL-BIASED COMPETITION IN
PERCEPTUAL LEARNING
Years of research have documented that emotion affects higher
order cognitive processes such as decision making and memory in
many ways (Bechara, 2004; Mather, 2007; Kensinger, 2009; Levine
and Edelstein, 2009; Pessoa, 2009). More recent evidence indicates
that emotion’s influence extends to perceptual processes as well,
in part due to interactions between the amygdala and sensory cor-
tices (for more details, see Phelps, 2006). For instance, Phelps et al.
(2006) showed that presenting a fearful face rather than a neutral
face could make a subsequent neutral stimulus (a Gabor patch)
more easily perceived even at low contrast levels. Furthermore,
Padmala and Pessoa (2008) showed that arousal-induced percep-
tual enhancements are associated with increased brain activation
in area V1-V4 of the visual cortex. Also, seeing fearful faces can
speed up people’s subsequent visual search (Becker, 2009; Olatunji
et al., 2011; but see Quinlan and Johnson, 2011). However, emo-
tion does not always enhance perceptual processing. For example,
inserting an arousing distractor in a rapid serial visual presentation
paradigm (RSVP) impairs identification of a subsequent neutral
target stimulus (Most et al., 2005, 2006; Ciesielski et al., 2010).
Arousal-biased competition theory attempts to explain how
arousal can both enhance and impair perception and memory
(Mather and Sutherland, 2011; Sutherland and Mather, 2012).
The theory builds on models of biased competition (Bundesen,
1990; Desimone and Duncan, 1995; Miller and Cohen, 2001;
Deco and Rolls, 2005; Beck and Kastner, 2009) by positing
that arousal amplifies biased competition processes, leading to
“winner-take-more” and “loser-take-less” effects. More specifically,
arousal-biased competition theory builds on a computational
model of visual attention (Itti and Koch, 2000), which proposes

that incoming information is first analyzed by early visual neu-
rons to represent the perceptual contrast at each location for
a variety of elementary visual features (e.g., luminance, color,
orientation, motion, etc.). Within each of these feature maps,
locations compete for activation via a center-surround compet-
itive process in which excitation at a particular location leads
to further excitation at that location while suppressing its sur-
rounding locations. As depicted in Figure 1A, if one location
starts with higher activity than the other locations, after several
iterations, that location will dominate the map even more. In
contrast (Figure 1B), if several locations in the map have sim-
ilar initial activation levels due to similar perceptual contrast,
these regions will be mutually suppressed. The contrast values
across individual feature maps (e.g., individual maps for lumi-
nance, color, etc.) are integrated to obtain the overall saliency at
each location.

According to arousal-biased competition theory, arousal
increases the impact of these competitive processes, such that when
there is one salient location (e.g., Figure 1A), that location will gain
even more activation than under non-arousing conditions. This
should lead to enhanced processing of the stimulus in that loca-
tion, increasing learning about it and increasing the specificity of
neural representations of that stimulus. In contrast, in situations
with multiple similar competitors (e.g., Figure 1B), arousal will
lead to even greater suppression of all initially active locations,
impairing processing of any stimulus in one of those locations
and decreasing the specificity of neural representations of that
stimulus compared with non-arousing situations.

In the current study, we tested these hypotheses in the domain
of visual search, examining how arousal affects perceptual learn-
ing of salient targets versus non-salient targets. We adapted the
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Iteration 2

A Original image

FIGURE 1 | Output from Itti and Koch’s (2000) computational
saliency map model. In case (A), the original image has one location
that is strongly activated by its bottom-up perceptual contrast
surrounded by several locations with weaker initial activations. In this
case, after an initial few iterations, the initial maximally activated location

Iteration 12

Iteration 6

W uéi "
- i

|ﬁ1 “‘1

¥

gains strength while suppressing the weaker activation locations. In case
(B), the original image has multiple locations that initially have similar
activation levels. Here, all the peaks mutually suppress each other,
leading to overall suppression of activation in the saliency map. Figure
adapted from Itti and Koch (2000).

general outline of a procedure in a previous study (Navalpakkam
and Itti, 2007). In our version of the search task, we included both
low and high-salience target conditions, and both arousing and
non-arousing sessions (Figure 2). During the learning trials of the
task, participants were trained to detect a target line oriented at
55° among 24 distractors oriented either at 50° (in the low-salience
condition) or at 80° (in the high-salience condition). To test learn-
ing of the tilt of the target line, probe trials were interspersed in a
random manner between learning trials. The probe trials had five
different lines in a circular array, and, as in Navalpakkam and Itti
(2007), participants’ task was to find the target line. To investigate
the effects of arousal on learning performance, negative arousing,
or neutral non-arousing pictures were presented before stimuli
arrays in the learning phase.

In early visual cortex, neurons represent specific sensory fea-
tures (Hubel and Wiesel, 1959). For instance, one neuron might
fire most in response to a line tilted at 55° whereas another neuron
might fire most in response to an 80° line (Somers et al., 1995).
Neural selectivity is imperfect, in part due to noise, such that a
neuron stimulated most by 55° tilted lines still fires — at a less
intense rate — to similarly tilted lines. The plot of a neuron’s aver-
age firing rate as a function of stimulus parameters such as tilt
orientation is known as its “tuning curve” (Solla, 2006). Neuronal
tuning curves shift as a result of experience and learning (e.g., Yang
and Maunsell, 2004). While behavioral responses cannot indicate
the specific responses at the neuronal level, they can provide anal-
ogous psychophysical tuning curves that reveal the accuracy and
specificity of the neural representation of a particular feature or
stimulus (e.g., Lee et al., 1999). In the current study, we used the
data from the probe trials to assess the target line memory repre-
sentations and to model the tuning curves associated with these
representations.

We predicted that we would observe arousal effects on per-
ceptual representations as a function of target prominence and
the competitive processes enhancing high-salience stimuli and
suppressing low-salience stimuli. Specifically, in the high-salience
condition, we predicted that experiencing arousal would enhance
perceptual learning of the highly salient target features. As com-
petitive processes between stimuli representations influence the
variability or noise in the perceptual representations as well as
their signal strength (Ling and Blake, 2009), we predicted that
the enhanced perceptual learning would be evident in decreased
noise in the tuning curves (evident in decreased bandwidth of the
curves) as well as in increased amplitude of the tuning curves at
the correct 55° point. In contrast, in the low-salience condition,
we predicted that arousal would impair learning target features,
decreasing amplitude, and increasing noise.

In addition, in the low-salience condition, Navalpakkam and
Itti (2007) documented an interesting phenomenon they called
“optimal feature gain,” in which the neural tuning curve that rep-
resents the target is shifted away from the distractor features, when
the target and distractors are similar. Thus, for instance, when the
participants completed visual search trials in which the target was
a 55° line seen among 50° distractors, Navalpakkam and Itti found
that the peak amplitude of participants’ tuning curves for the tar-
get was not 55°, as might be expected, but instead was shifted to
60°. This shift in representation away from the distractor opti-
mizes discrimination because the 55° target and 50° distractor
now fell on a region of the tuning curve that has a higher slope
than the peak of the curve, and similar stimuli are most easily dis-
criminated in high-slope regions of a tuning curve. However, this
discrimination advantage for high-slope regions of tuning curves
disappears with increasing noise level in the representation (Butts
and Goldman, 2006). Thus, given that we predicted that arousal
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High Salience Saliency map

+

Saliency map

Low Salience

FIGURE 2 | (A) Stimulus examples of low vs. high salience targets with
their corresponding saliency maps derived from Itti and Koch's (2000)
computational model. For the high-salience condition, the distractor
lines were tilted at 80°, creating a 25° difference between them and the
55° target; therefore iterative spatial competition leads the target's
location to gain further strength while suppressing surrounding regions.
In the low-salience condition, the target and the distractor differ in tilt
only by 5%, and therefore the similarly activated locations in the saliency
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map inhibit each other, leading to mutual suppression of all locations in
the saliency map. The dashed red circle indicates the target location, but
it was not seen by participants. (B) Learning trials involved visual search
for the 55° target, allowing perceptual learning about that target; probe
trials were interspersed with the learning trials and tested recognition of
the target tilt as observers had to select the 55° target from among a
set of five differently tilted lines. Note that stimuli are not drawn to scale
here.
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would make it harder to distinguish the non-salient target from its
distractors because of increased noise in the tuning curve for the
target, arousal should also reduce the likelihood that participants
will show “optimal feature gain” in the low-salience condition.

MATERIALS AND METHODS

OBSERVERS AND PSYCHOPHYSICAL SESSIONS

Twenty observers (10 males, 10 females; ages 25-36) with
corrected-to-normal vision volunteered for this study and gave
informed consent. Observers were naive to the purpose of the
experiment (except one, TL).

Ten (six males and four females) were assigned to the high-
salience and the other ten (four males and six females) to the
low-salience condition. For each salience type, observers com-
pleted two emotion sessions (arousing and non-arousing) in a
counterbalanced order.

STIMULI AND APPARATUS

Line stimuli consisted of five types of line orientation (30°, 50°, 55°,
60°, and 80°). The images used in the learning trials (32 negative
images for the arousing session and 32 neutral images for the non-
arousing session) and the additional images used in the subsequent
memory task (32 negative and 32 neutral) were selected from the
International Affective Pictures System (IAPS: Lang et al., 1999)
and the Mather and Nesmith stimulus set (Mather and Nesmith,
2008). Nine additional participants rated the images for arousal

(on a scale of 1 =calm to 9 =arousing) and valence (on a scale
of 1 =unpleasant to 9 =pleasant). The 32 negative images had
more negative valence (M =1.97, SE=0.38) and higher arousal
ratings (M =7.77, SE=0.41) than the 32 non-arousing images
(M valence =5.45, SE=0.33; M arousal = 1.88, SE =0.38). The
size of each line stimulus and emotional images corresponded to
1.5° x 0.6° and 30.5° x 22.5° visual angles, respectively. The stim-
uli were displayed on a 19” CRT monitor with a refresh rate of
100 Hz. All observers were tested individually in a soundproof
room, seated approximately 65cm away from a screen, using a
chin-rest.

PROCEDURE

As shown in Figure 2A, observers performed both learning trials
and probe trials. Every so often, after a random number of learn-
ing trials, knowledge about the target was measured in a probe
trial. Learning trials proceeded as follows: (A) A 500-ms fixation
cross display; (B) a 200 ms-emotional picture; (C) a 1000 ms blank
screen; (D) a search array containing one target (55°) among 24
distractors. Based on the salience type assigned to observers, the
target line was presented among distractors tilted either 80° or 50°
(see Figure 2A). To manipulate observers’ arousal levels during
the session, we presented pictures in an approximately 60% par-
tial schedule in both the arousing and non-arousing sessions. In
trials without a picture, the search display was presented right after
the first 500-ms fixation event.
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Observers were instructed to find the target (55°) and press any
key. To verify that observers indeed found the target on every trial,
following the key press, a grid of fine-print numbers appeared
briefly (300 ms) and observers were asked to report the number
at the target’s location (Figure 2B). Feedback (“correct” or “incor-
rect”) on performance was given after each trial. After a random
number of learning trials, a probe trial was presented. The probe
trial consisted of a 500-ms fixation display, followed by a 500-ms
display of five items representing five lines (30°, 50°, 55°, 60°, and
80°) within a 6.0° x 6.0° rectangular box, and then by a 300-ms
display of five fine-print random numbers. The task was the same
as in the learning trials. Observers were asked to report the num-
ber at the target location. Observers first completed 14 trials in a
practice session, followed by the main task phase. Both sessions
started with these practice trials and in both cases, no emotional
pictures were shown during the practice session.

The line-search task consisted of ten 50-trial blocks (each with
34 learning trials and 16 probe trials). Each observer performed
the task with 160 probe trials randomly presented in between
340 learning trials for each session (arousing and non-arousing).
Thus, 1000 trials (2 emotion sessions x 50 trials x 10 blocks) were
administered for each observer. Each observer either saw all low-
salience or all high-salience targets. Observers were allowed to
take a break in between blocks. The order of emotion sessions was
randomly assigned across the observers. To avoid learning effects
across sessions for the target line, we adopted two different orien-
tations (original and reversed). For example, when the observer
performed and completed the first session with the original ori-
entation (e.g., 55°), the second session was administered with the
reversed orientation (e.g., 125°). Immediately after each session,
observers performed a recognition memory task as a manipula-
tion check that they processed the pictures. For the recognition
task, a randomly selected half of the main task images served as
old items intermixed with 16 new images. The old and new items
were presented in a random order and the observer was asked to
indicate “old” or “new” for each image.

RESULTS

PROBE TRIAL PERFORMANCE

We first examine our measure of interest, the ability to cor-
rectly recognize the exact tilt of the target line in each of the

conditions. For each observer, the percentage of “target” responses
on probe trials was calculated for each orientation (30°, 50°, 55°,
60°, and 80°) separately for each emotion session (Figure 3).
These were analyzed with salience type (2: high- and low-
salience) as between-subject variables, and session (2: arousing
and non-arousing) and orientation (5: 30°, 50°, 55°, 60°, and
80°) as within-subject variables. There was a significant main
effect of orientation, F(4,72) = 145.20, p < 0.001, n2 =0.89, and
a salience x emotion X orientation interaction, F(4,72)=3.90,
p < 0.01,m% = 0.18. Subsequent simple-effects analyses comparing
performance in the two session types revealed that, in the high-
salience condition, participants selected the correct target (i.e.,
55° responses) more frequently in the arousing condition than in
the non-arousing condition (p < 0.05). In contrast, in the low-
salience condition, emotion condition did not significantly affect
the percent of responses identifying the correct target. However,
the arousing condition led to a significant decrease in selecting
the 60° target (or its corresponding opposite line in the flipped
condition; p < 0.001) in the low-salience condition.

To understand the nature of these results better, we estimated
each observer’s tuning curve to fit responses from each emotion
session via a Gaussian function known to be well represented in
tuning curves:

—(x=p)?

f(x) =ae 2?

1

where a represents response amplitude (i.e., the height of the
curve’s peak), i specifies the position of the center of the peak,
and o is the bandwidth (i.e., standard deviation of the curve). The
goodness of fit was evaluated by the 2 for each arousing condition
and non-arousing condition:

Z (yPredicted _ y_Observed)2

1

1

B Z [Ylo bserved _ 1yean (yiObServed)]Z

? =10 (2)

To evaluate the curve fit model using the parametric values
(i.e., a, i, and o) for each condition, a nested model testing (sepa-
rate fits for each emotion condition vs. one fit for both conditions
collapsed together) was applied. Specifically, an F-test for nested
models was used to statistically compare the models based on
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FIGURE 3 | Averaged “target” responses for each orientation in the probe trials as a function of emotion and salience. Error bars represent SEM.
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FIGURE 4 | Estimated tuning curves for averaged “target” responses as a function of emotion in the high-salience condition (left) and low-salience
condition (right).

the averaged r?s for the arousing and non-arousing conditions.
For two nested models with kg, and kpeduced parameters, the F
statistic is defined as:

(rfzull — rrzeduced)/ dfl
(1= r2n)/dfa

where df] = kgl — kreduced> and df, = N — kg3 N is the num-
ber of data points. All these procedures were performed using
the GraphPad Prism version 5.04 for Windows (GraphPad Prism
Software, La Jolla, CA, USA; see also Motulsky and Christopoulos,
2004).

As illustrated in Figure 4, estimated tuning curves for the
averaged “target” responses across all observers revealed that emo-
tional arousal modulated response patterns differently depending
on salience. When the target was conspicuous among distrac-
tors (i.e., high-salience condition), arousal enhanced the accu-
racy and strength of the target’s representation; this was evi-
dent in the decreased bandwidth, F(1,94) =4.91, p < 0.05, and
increased amplitude, F(1,94) =4.71, p <0.05. On the contrary,
when target salience was low, arousal widened the tuning curve
leading to specificity loss. This was evidenced by increased
bandwidth, F(1,94) =8.86, p <0.005, and decreased amplitude,
F(1,94) = 13.85, p < 0.0005. The position of the peak amplitude
also shifted, F(1,94) =7.03, p < 0.01. This shift in the position of
the peak amplitude indicated that when target salience was low,
arousal also disrupted the “optimal feature gain” exaggeration of
target-distractor differences seen in the non-arousing condition
and in a previous study not involving emotion (Navalpakkam and
Itti, 2007). The parameters of the best fitting functions are listed
in Table 1. In the following sections, we describe performance on
the other aspects of the task.

3)

F(dfi,df) =

'The estimated parameters were compared via a repeated-measures ANOVA which
revealed the same pattern of results as nested model testing (Figure 6). For the curve
position parameter (i.e., ), there was a main effect of emotion, F(1,18) =9.05,
p <0.01, and an interaction between emotion and salience F(1,18) =7.87, p < 0.05.
For the curve amplitude parameter (i.e., a), there was a significant emotion by
salience interaction, F(1,18) =12.283, p < 0.005. The curve bandwidth parameter
(i.e., 0) also showed a significant emotion by salience interaction, F(1,18) =8.99,
p <001

Table 1 | Parameters of the best fit for the averaged “target” response
in probe trials for the arousing versus the non-arousing sessions and

p values from the comparisons of each parameter using nested

model testing.

Saliency Parameters
Arousing None

High n 56.46 5777

a 0.39 0.33*

o 5.89 11.87*
Low [ 56.94 60.51***

a 0.31 0.39****

o 13.27 9.35***

®¥%x0) - 0.0005, ***p < 0.005, **p < 0.01, *p < 0.05.

MEMORY FOR THE PICTURES

An analysis of variance (ANOVA) with salience type (2: high-
vs. low-salience) as a between-observers variable and session
type (2: arousing vs. non-arousing) as a within-observers vari-
able revealed that observers’ d-prime (d’) values from the pic-
ture recognition memory task were significantly higher in the
arousing picture sessions (d’ =3.37, SE=0.09) than in the non-
arousing picture sessions (d' =2.80, SE=0.14), F(1,18) =8.58,
p <0.001, 12 =0.52. There was no significant main effect of
salience type nor interaction with salience type (both p > 0.3).
Thus, as seen across many previous studies, memory was bet-
ter for the emotional pictures than the neutral pictures (for a
review see Reisberg and Hertel, 2004). For the purposes of the
current study, however, the relevant finding was that partici-
pants had similar memory for the pictures across the two salience
conditions.

LEARNING TRIAL PERFORMANCE

Averaged median response times (RTs) for the learning trials
were calculated for each session for both high- and low-salience
conditions. A repeated ANOVA on target search latencies was con-
ducted with salience type (2: high- vs. low-salience) as a between-
observers variable, and session type (2: arousing vs. non-arousing)

www.frontiersin.org

July 2012 | Volume 3 | Article 241 | 67


http://www.frontiersin.org
http://www.frontiersin.org/Emotion_Science/archive

Lee et al.

Evidence for arousal-biased competition in perceptual learning

as a within-observers variable. Not surprisingly, there was a main
effect of salience type, F(1,18)=134.17, p <0.001, n?>=0.88,
with slower RTs in the low-salience condition (M = 1443.45,
SE=132.16) than in the high-salience condition (M =581.53,
SE = 36.37). However, there was no significant main effect of ses-
sion type and no significant interaction between the two variables
(Figure 5).

Overall, observers had near-ceiling accuracy (M =0.977,
SE =0.005) on the learning trials. More specifically, in the high-
salience condition, the averaged correct ratio was 0.991 in arous-
ing condition and 0.988 in non-arousing condition. In the low-
salience condition, the mean was 0.975 in the arousing condition,
and 0.956 in the non-arousing condition. A repeated-measures
ANOVA with salience type (2: high- vs. low-salience) as a between-
observers variable and session type (2: arousing vs. non-arousing)
as a within-observers variable revealed that there was a main effect
of session type, F(1,18) =11.12, p < 0.005, 2> = 0.38, and a main
effect of salience type, F(1,18) = 10.27, p < 0.005,12 = 0.36. There
was an interaction with salience type, F(1,18) =5.63, p <0.05,
n% =0.24. Subsequent simple-effects analyses for each salience
type across the two session types revealed that, in the low-salience
condition, the correct ratio was significantly greater in the arous-
ing condition than in the non-arousing condition (p < 0.05). In
contrast, in the high-salience condition, emotion condition did
not significantly affect the percent of responses identifying the
correct target (p > 0.1). However, it is not clear if this inter-
action is simply an artifact of the near-ceiling accuracy in the
high-salience condition, as the near-perfect accuracy in this con-
dition may have diminished the effects of arousal on accuracy
(which appear to be in the direction of enhancing performance,
as in the low-salience condition). In summary, arousal generally
increased accuracy in the search task, even in the low-salience
condition in which arousal impaired perceptual learning about
the target.

2000
B Arousing
W Non-Arousing T

Reaction Times (ms)
= =
(4]
g8 8

g
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FIGURE 5 | Average across participants of within-participant median
learning-trial response times, as a function of emotion and salience.
Error bars represent SEM.

COMPARING LEARNING TRIALS PRECEDED BY PICTURES TO THOSE
NOT PRECEDED BY PICTURES

In our study, although emotion type was manipulated across ses-
sions, within each session we did not show a picture on every
trial. To provide more information about whether the presence
or absence of an image on a particular learning trial mattered for
the speed of the response, we conducted a follow-up ANOVA with
salience type (2: high- vs. low-salience) as between-observer vari-
ables, and image presence (2: image present before visual search,
vs. image absent) and session (2: arousing vs. non-arousing) as
within-observer variables, and the learning phase median RT as
the dependent variable. There was a significant interaction of
image presence (2: presence vs. absent) and salience condition (2:
high vs. low-salience), F(1, 18) = 8.00, p < 0.05, n> = 0.31. How-
ever, there was no session main effect, F(1, 18) =0.84, n.s., nor
any interactions with session (Ps > 0.4). To clarify the nature of
the image presence and salience condition interaction, we carried
out a separate repeated ANOVA for each salience condition with
image presence as a factor. There were no statistically significant
effects in the high-salience condition (Ps > 0.1). In contrast, in
the low-salience condition, there was a main effect of image pres-
ence, F(1,9)=11.06, p <0.01, 12> =0.55. In this condition, the
RT was generally slower with an image absent (M = 1592.90 ms,
SE =199.05) than present (M = 1345 ms, SE = 147.49) regardless
of emotion condition. However, there was no interaction or main
effect of session. Thus, in addition to not detecting session dif-
ferences in reaction times during the learning phase, we did not
detect trial-by-trial differences in reaction time based on whether
the picture was emotional or not — indicating emotion did not
significantly influence response speed in the learning trials.

DISCUSSION

In this study, we tested the hypothesis that arousing stimuli
increase the effects of competition among stimuli in perceptual
learning. We compared the effects of arousal in two types of visual
search situations. In the high-salience condition, the target line
was tilted 55° and the distractor lines were tilted 80°. In this type
of visual display, the target had high perceptual contrast with the
surrounding stimuli and so center-surround competition should
increase the perceptual salience of the target compared with its
surrounding stimuli (Itti and Koch, 2000). Arousal-biased compe-
tition theory (Mather and Sutherland, 2011) predicts that arousal
should further increase the activation of this perceptual “winner,”
making it more precisely represented and encoded.

In the high-salience condition, when asked to identify which
of five alternative lines was the target discrepant line in the visual
search trials, in both the arousing and non-arousing sessions par-
ticipants were most likely to select the correct 55° tilted line.
However, in the arousing session, participants were significantly
more likely to select the correct 55° option than the other options,
leading to a higher amplitude and a lower bandwidth for their
psychophysical tuning curve representing the target line tilt.

In the low-salience condition, the target line (tilted 55°) and the
distractor lines (tilted 50°) were similar. In this situation of com-
petition between stimuli with similar perceptual contrast, center-
surround competition mechanisms should mutually inhibit both
target and distractor locations (Itti and Koch, 2000).If, as predicted
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by arousal-biased competition, arousal amplifies the effects of
these competition processes, then learning of low-salience tar-
gets should be worse under arousing than non-arousing situa-
tions. Consistent with these predictions, in the arousing sessions,
observers learned the target line tilt less precisely than in the non-
arousing sessions. Thus, emotional arousal had opposite effects
on perceptual learning of salient and non-salient stimuli. Previous
research indicates that competitive processes in binocular rivalry
lead not only to relative differences in signal strength between the
dominant and suppressed stimuli, but also to less noise in the rep-
resentation of the dominant stimulus than in the representation of
the suppressed stimulus (Ling and Blake, 2009). Consistent with
this, in our study, arousal decreased the noise in the tuning curves
of salient stimuli but increased it for non-salient stimuli.
Previous studies have shown that if people see emotionally
arousing pictures while they are trying to remember several neutral
stimuli, they are less able to recognize the neutral stimuli at the end
of the trial (Dolcos and McCarthy, 2006; Dolcos et al., 2006). How-
ever, impaired working memory between learning and probe trials
cannot account for our findings, as in the high-salience condition,
arousal enhanced memory for the target line. Instead, arousal-
biased competition provides a framework to account for when
arousal will impair working memory and when it will enhance it.
The prediction is that arousal will impair working memory when
multiple equally salient stimuli are competing for representation,
such as on working memory trials with several neutral faces as the
memoranda and distracting arousing or neutral pictures (Dolcos
and McCarthy, 2006; Dolcos et al., 2006). Arousal can even impair
memory for associated features of arousing stimuli when the fea-
tures of multiple arousing stimuli are competing for representation
(Mather et al., 2006; Mitchell et al., 2006). However, when arous-
ing stimuli compete with neutral stimuli in an N-back working
memory task, the arousing stimuli, which presumably have higher
priority due to both salience and goal-relevance, are remembered
better than the neutral stimuli (Lindstrom and Bohlin, 2011).
Research on perception reveals similar issues regarding how
arousing stimuli can both modulate competition among inde-
pendent neutral stimuli and also compete directly against those
stimuli. For instance, previous research indicates that arousing
stimuli such as fearful faces can enhance perception of subsequent
neutral stimuli (e.g., Phelps etal., 2006; Padmala and Pessoa, 2008).
However, these studies did not evaluate how arousal affected the

competition among more and less salient stimuli. The prediction
from our study is that arousal would enhance perception only of
the most salient stimuli while impairing perception of less salient
stimuli. But a critical issue here, as in the working memory stud-
ies, is that arousing stimuli also compete for representation. Thus,
when pictures are rapidly displayed in a sequence, arousing pic-
tures impair perception of subsequent targets (Most et al., 2005,
2006, 2007; Smith et al., 2006; Most and Junge, 2008; Ciesielski
etal.,2010; Wang et al., in press). The timing between a cue induc-
ing arousal and a subsequent neutral target is critical in determin-
ing whether the arousing cue itself dominates everything else, or
whether it can enhance perception of a salient target. For instance,
in one study (Bocanegra and Zeelenberg, 2009), when the interval
between the cue and the target was 50 or 500 ms, participants were
less likely to correctly identify the target when the cue was arousing.
However, increasing the interval to 1000 msled to enhanced identi-
fication of targets following arousing cues. In our study, the inter-
trial interval was 1000 ms, at which point the arousing stimulus
was no longer in direct competition with subsequent stimuli.

It is interesting that we did not see any effects of arousing
stimuli on RTs to detect the visual search target, whereas two
previous studies (Becker, 2009; Olatunji et al., 2011) found that
showing fearful faces 600 ms or immediately before a search array
enhanced target detection. Olatunji et al. found that this advan-
tage was specific to fear face cues and did not appear for anger
or disgust face cues. Thus, it may be that the enhanced search
detection is specific to fear and so was not elicited by the mixed
negative emotionally arousing pictures we showed. Furthermore,
it is worth noting that enhanced visual search after fearful face
cues was not replicated in another study (Quinlan and Johnson,
2011). In any case, the fact that we did not see significant effects
of arousal on visual search speed rules out the possibility that
the perceptual learning effects we found were mediated by tar-
get detection speed differences across emotion conditions. Also,
search accuracy did not show arousal-biased competition effects;
instead arousal seemed to have a general enhancing effect on initial
search accuracy, which may have been due to enhancing effects of
arousal on sustained attention. The lack of arousal-biased compe-
tition effects in initial search speed or accuracy suggests that the
differences in perceptual learning induced by emotional arousal
were due to competitive processes acting on representations after
target detection.
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In the current study, there was an additional interesting finding
in the low-salience condition. Here, the visual search parame-
ters were the same as in Navalpakkam and Itti’s (2007) study, in
which they found evidence that, in difficult search without any
emotion induction, people shift their perceptual representation
of the target item such that it is less accurate, but more opti-
mal for discriminating the target from its distractors. Standard
models of attention assume that attention increases the activity
of neurons tuned to respond to the target’s features (Carrasco,
2011). Navalpakkam and Itti modeled situations in which the tar-
get and the distractors are highly similar, such as search for a 55°
target among 50° distractors. Their model suggests that boost-
ing activity of neurons tuned for the exact target feature can be
suboptimal when the target and distractors are very similar. In
this case, the optimal strategy is to increase the signal strength of
neurons representing features like the target, but that differ more
from the distractors than the target does. In the case of a 55°
target among 50° distractors, this would mean it would be opti-
mal to boost the responsiveness of neurons tuned to respond to
60° lines, as these neurons should have the steepest part of their
tuning curve coincide with the small differences in the feature
value between the target and distractor (see Purushothaman and
Bradley, 2005).

Navalpakkam and Itti confirmed their model in behavioral
studies in which people showed this “optimal feature gain” strat-
egy when learning the features of targets that were very similar to
distractors. This strategy requires relatively sharp tuning curves, as
with broader tuning curves there would be little difference in the
tuning curve slope height at 50° (the distractor) between neurons
tuned for 55” and 60° lines. Indeed, other modeling work indicates
that similar stimuli are most easily discriminated in high-slope
regions of the tuning curve only when there are low noise levels
in tuning curves (Butts and Goldman, 2006). In our study, we
replicated Navalpakkam and Itti’s “optimal feature gain” effects
in the non-arousing low-salience condition, such that observers

were more likely to incorrectly identify the target as having a 60°
tilt rather than its actual 55° tilt. However, in the arousing condi-
tion, representations of the target line were significantly less shifted
away from the distractor tilt, and revealed a significantly broader
tuning curve with lower amplitude. This finding suggests that, in
difficult discrimination tasks involving similar targets and distrac-
tors, emotional arousal disrupts people’s ability to make subtle
shifts in perceptual representations that optimize discrimination
of targets from distractors.

We used negative stimuli in our study as they generally induce
stronger arousal responses than positive stimuli (Lang et al., 1998;
Baumeister et al., 2001). However, this means that we cannot be
sure whether our results are due to the effects of negative valence or
emotional arousal. Previous research reveals that highly arousing
positive and negative stimuli affect subsequent perceptual process-
ing in similar ways; for instance, like negative arousing pictures,
erotic pictures impair perception of visual targets (Most et al.,
2007). However, additional research is needed to test whether, like
negative arousing stimuli, positive arousing stimuli amplify biased
competition processes.

One of the most critical aspects of our perceptual processes is
that they allow us to be selective about what we attend to. Being
able to focus on some aspects of incoming perceptual stimuli while
ignoring others is critical for being able to process and respond to
high priority stimuli in the environment. Perceptual contrast is
one cue that helps determine priority. Stimuli that move suddenly
or are brighter than their surroundings are salient and win out
over other stimuli to draw attention. Our study suggests that when
people experience negative emotional arousal, these competitive
processes are amplified such that salient stimuli are represented
even more and non-salient stimuli even less accurately than they
would be otherwise. Such processes should enable the type of
focused processing necessary under threatening or critical cir-
cumstances, but they come at the cost of reduced learning about
non-salient information.
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Although we know that emotional events enjoy a privileged status in our memories, we
still have much to learn about how emotional memories are processed, stored, and how
they change over time. Here we show a positive association between REM sleep and
the selective consolidation of central, negative aspects of complex scenes. Moreover,
we show that the placement of sleep is critical for this selective emotional memory
benefit. When testing occurred 24 h post-encoding, subjects who slept soon after learning
(24 h Sleep First group) had superior memory for emotional objects compared to subjects
whose sleep was delayed for 16 h post-encoding following a full day of wakefulness (24 h
Wake First group). However, this increase in memory for emotional objects corresponded
with a decrease in memory for the neutral backgrounds on which these objects were
placed. Furthermore, memory for emotional objects in the 24 h Sleep First group was
comparable to performance after just a 12 h delay containing a night of sleep, suggesting
that sleep soon after learning selectively stabilizes emotional memory. These results
suggest that the sleeping brain preserves in long-term memory only what is emotionally
salient and perhaps most adaptive to remember.

Keywords: emotional memory formation, emotional memory enhancement, sleep, sleep and memory, memory

consolidation, memory, emotion

Emotional memories form the core of our personal histories.
They shape our personalities by representing our greatest achieve-
ments and our worst defeats, mark the milestones in our changing
lives, and figure prominently in anxiety and mood disorders
(see Payne et al., 2004; Kensinger, 2009; Brewin et al., 2010 for
review). Although we know that emotional experiences enjoy a
privileged status in our memories, being better remembered than
most neutral events, researchers are still learning how memories
for emotional events are processed and stored (McGaugh, 2004;
LaBar and Cabeza, 2006), and how they change over time (Payne
and Kensinger, 2010).

The notion that memories are not static, but rather form grad-
ually, dates back to Muller and Pilzecker (1900), who coined
the term “memory consolidation” (reviewed in McGaugh, 2000;
Dudai, 2004). Memory consolidation is (at least) a two-stage pro-
cess, including molecular and cellular events that support the
strengthening of synapses over minutes and hours (“cellular con-
solidation”), and system-wide changes that occur in the hours
and days following learning (“systems consolidation”). Growing
evidence suggests that the offline brain state of sleep provides
ideal conditions for memory consolidation, particularly on a sys-
tems level (reviewed by Stickgold, 2005; Ellenbogen et al., 20065
Walker and Stickgold, 2006; Diekelmann and Born, 2010; Payne,
2011). For example, neural activation patterns seen during day-
time task training are reactivated during subsequent sleep in both
rats and humans (Diekelmann and Born, 2010; Girardeau and
Zugaro, 2011), and such reactivations can lead to performance

enhancements the following day (Peigneux et al., 2004; Rasch
et al., 2007).

Several studies demonstrate that sleep preferentially enhances
emotional episodic memories over neutral ones. When presented
with both negative arousing and neutral information as part of
the same learning experience, subjects who sleep between training
and test preferentially consolidate negative over neutral narratives
(Wagner etal., 2001, 2006), pictures (Hu et al., 2006), and compo-
nents of scenes (Payne and Kensinger, 2010 for review). For exam-
ple, Payne et al. (2008) showed that when presented with scenes
consisting of either neutral (e.g., a chipmunk) or negative arous-
ing (e.g., a snake) objects placed on neutral backgrounds (e.g.,
a forest), participants who slept selectively consolidated memory
for the emotional objects, while memory for the accompanying
backgrounds deteriorated. Thus, as compared to a 30-min con-
trol group, those who slept showed selective memory benefits for
the emotional objects, but showed no corresponding benefit for
their backgrounds or for either the objects or the backgrounds
composing neutral scenes. Those who stayed awake, on the other
hand, showed poorer memory for all elements as compared to
those tested after a 30-min delay. These results are interesting for
two reasons. First, they contribute to a growing literature suggest-
ing that the effects of emotion on memory are intensified during
sleep (see Walker, 2009; Payne, 2011; Payne and Kensinger, 2011
for review). Second, the sleeping brain, rather than simply influ-
encing the consolidation of all recently encountered information,
appears to select for consolidation only what is most emotionally
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salient about experience and perhaps most relevant to future goals
(see also Payne et al., 2009; Payne and Kensinger, 2010). The idea
of goal relevance is particularly apropos in this task given that
the way emotion affects memory (i.e., narrowing vs. broadening)
depends on a person’s current goal (Levine and Edelstein, 2009);
a negative or threatening stimulus, such as the snake in the for-
est described above, might trigger a survival goal, which might in
turn trigger a narrowing of one’s focus onto the threatening object
(the snake) at the expense of the background (the forest) in a way
the neutral object (the chipmunk) might not.

Although there is currently much debate about which fea-
tures of sleep are most important for memory consolidation,
converging lines of evidence suggest that rapid eye movement
sleep (REM) critically modulates memory for highly arousing
emotional information. Hennevin et al. (1998) demonstrate that
aversive conditioning in rodents is followed by increases in REM
sleep that often continue until the task is mastered (Hennevin
et al., 1995). Further, depriving rats of REM sleep can lead
to performance deficits in avoidance tasks, particularly if the
deprivation occurs within so-called “REM-windows” (Smith and
Butler, 1982; Smith, 1995; Smith and Rose, 1996).

Preliminary human research suggests a similarly beneficial
effect of REM sleep on emotional memory consolidation. Wagner
et al. (2001) found that 3h of late night, REM-rich sleep (but
not 3h of early night slow-wave-rich sleep) facilitated mem-
ory for negative arousing narratives, an effect that could still be
observed years later when the subjects were re-contacted for a
second memory test (Wagner et al., 2006), and REM sleep theta
activity has been positively correlated with memory for emo-
tional pictures (Nishida et al., 2009; see Walker, 2009, for review).
Sleep’s importance to emotional processing is also suggested by
the emotionally charged and vivid dreams of REM sleep, which
may utilize elements of past experiences to simulate and prac-
tice for threatening future situations (Levin and Nielsen, 2009;
Payne and Kensinger, 2011). Moreover, affective disorders such
as depression are characterized not only by changes in emotional
memory (e.g., Hamilton and Gotlib, 2008), but also by marked
changes in REM sleep architecture (Berger and Riemann, 1993;
Pillai et al., 2011).

Each of these lines of evidence is interesting given that the
amygdala and hippocampus are among the most active brain
regions during REM sleep (Maquet et al., 1996), perhaps signal-
ing interactions between these regions as they selectively process
emotional memories offline. While neutral episodic memories
rely on the hippocampus and adjacent structures for their pro-
cessing, emotional episodic memories receive a special boost
from the amygdala, which modulates activity in the hippocam-
pus to preferentially influence emotional memory formation.
Interestingly, a recent study showed greater activity in these
regions and greater connectivity among them following sleep
compared to wakefulness (Payne and Kensinger, 2011; see also
Sterpenich et al., 2009).

Although the tendency to remember emotional over neutral
events can be observed after short delays, at times emotional
arousal has a more potent influence on memory across long delays
(24 h) than short ones (e.g., Kleinsmith and Kaplan, 1963; Walker
and Tarte, 1963; Sharot et al., 2007; Sharot and Yonelinas, 2008),

and damage to the amygdala disproportionately affects retention
of emotional information over long delays while having less influ-
ence on short-term retention (Phelps et al., 1997, 1998; LaBar
and Phelps, 1998). These results may be in part explained by neu-
rohormonal modulation of amygdala-hippocampus interactions
that occur “offline,” post-encoding (Payne, 2011 for review). For
example, the memory modulation hypothesis (McGaugh, 2004)
argues that greater long-term memory for emotional over neutral
information reflects the neuromodulatory influence of the amyg-
dala on hippocampus-based consolidation processes, via stress
hormone engagement. In this issue, for example, Echterhoff and
Wolf (2012) show that the combination of viewing a highly arous-
ing event coupled with a subsequent increase in stress produces an
increase in bias to remember central aspects of the event in an eye-
witness memory task. Notably, the release of the stress hormone
cortisol parallels REM episodes throughout the night, and reaches
its diurnal zenith during late night REM-rich sleep (reviewed in
Payne and Kensinger, 2011).

Clearly, there is good reason for emotional memories to be
preferentially consolidated during sleep, perhaps especially dur-
ing REM. However, in spite of converging evidence from the
lines of work described above, this idea is not without its prob-
lems. Most problematic are interference arguments that provide
compelling alternative explanations for sleep-based consolidation
effects (Wixted, 2004; Mednick et al., 2011). To date, most of
the studies to directly examine the relationship between sleep
(vs. wakefulness) and emotional memory formation are con-
founded by the amount of interference encountered during the
waking delay interval. For example, both the Hu et al. (2006) and
Payne et al. (2008) studies demonstrated that a 12 h period con-
taining nocturnal sleep selectively benefits memory for negative
arousing stimuli relative to an equivalent period of daytime wake-
fulness. An interference account would argue that sleep, rather
than conferring an active neurobiological benefit on these mem-
ories, merely provided a passive and temporary shield against
interfering stimulation because it is a time of reduced sensory
input (Wixted, 2004).

Because this “nocturnal sleep vs. daytime wake” design (e.g.,
see the 12h Wake and 12 h Sleep conditions in Figure 1, labeled
“a”) is open to interference criticisms, Wagner et al. (2001) used
a split-night procedure to demonstrate that emotional memories
benefit from 3 h of late night REM-rich sleep, relative to 3h of
early slow-wave-rich sleep, or equivalent periods of wakefulness
during the night. Although this finding is not easy to recon-
cile with an interference account, it is subject to circadian and
sleep deprivation confounds. Encoding and retrieval processes
may vary as a function of circadian phase in ways that are not
easily revealed through task performance, and there is also a pos-
sibility that consolidation processes are modulated by circadian
time, rather than by REM-sleep per se. Moreover, the wake con-
trol groups may have performed poorly because they were sleep
deprived during the first or second half of the night.

Given these confounds, we investigated the influence of
sleep on emotional memory formation via a third method:
Following the incidental encoding of negative and neutral scenes
in the morning or evening, memory was tested following a
24 h delay interval. Time spent sleeping and awake were thus
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FIGURE 1 | Experimental timeline. The 30 min (n = 40), 12 h wake (n = 24)
and 12 h sleep (n = 24) groups (labeled “a") are from Payne et al. (2008).
Note: Because there were no differences in performance in the 30 min
groups (30 min am, n= 20 and 30 min pm, n = 20), they were combined into
a single 30 min variable for analyses reported in the current paper. The

overnight polysomnography study reported here (Experiment 1, n = 27)
follows the 12 h Sleep protocol (labeled “a"”), with the addition of overnight
sleep monitoring in the laboratory. The 24 h delay study (Experiment 2,
labeled “b") follows the 24 h Wake 1st (n = 22) and 24 h Sleep 1st (n = 22)
protocols.

equated (see the 24 h Wake First and 24 h Sleep First conditions
in Figurel, labeled “b”). By an interference account, sleep
directly following learning should merely post-pone the delete-
rious effects of interference that would ensue upon subsequent
waking. Memory performance should therefore be equivalent
regardless of whether sleep comes soon after learning, or after a
day of wakefulness. Alternatively, if memory processing continues
on a normal, or perhaps facilitated, level during sleep, perfor-
mance should be better when sleep comes shortly after learning
than when it comes later in the retention interval, despite equal
time spent awake during which interference would be expected
to occur. A consolidation account would argue for this latter pos-
sibility because key events of the consolidation process occur in
the minutes and hours following learning (McGaugh, 2000); thus,
sleeping soon after encoding should help stabilize the memories
and protect them from subsequent interference.

To examine how the positioning of sleep would affect emo-
tional memory formation across a 24 h delay, we presented sub-
jects with neutral or negatively arousing objects (e.g., an intact
car or a wrecked car) on a neutral background (e.g., a street),
and later tested recognition memory separately for the objects
and backgrounds (see Figure2). This task consistently reveals
an “emotional memory trade-off” following brief (e.g., 30 min)
time delays (Kensinger et al., 2007). Such trade-offs are said to
occur when negatively arousing objects are better remembered
than neutral objects, yet the neutral backgrounds associated with
negative objects are remembered more poorly than similar back-
grounds presented with neutral objects (Figure2). A real world
example of this trade-off is the weapon-focus effect, where victims
vividly remember an assailant’s weapon but have poor memory
for peripheral aspects of the scene (Stanny and Johnson, 2000).

Such trade-offs are thought to be produced at encoding,
because attention during memory acquisition is focused on the
emotionally salient central aspects of the scene at the expense
of the neutral features of the background, an effect supported
by an eye-tracking study presented in this issue (Niu et al.,

s B Objects

9 Bkg

80

70

Iltems Recognized (%)

Emotional

Neutral

FIGURE 2 | The emotional memory trade-off effect. Top—Sample stimuli
with the identical neutral backgrounds and either a neutral (left) or negative
emotional (right) object in the foreground; Bottom—Emotional trade-off
(following a 30 min delay, from Payne et al., 2008) is seen on right as
increased recognition of emotional objects with impaired recognition of
neutral backgrounds. Figure adapted from Payne and Kensinger (2010).

2012). However, the emotional memory trade-off is also clearly
influenced by post-encoding consolidation processes, as the
magnitude of the effect is larger after a delay that includes sleep
(Payne et al., 2008). Thus, preliminary evidence suggests that

Frontiers in Integrative Neuroscience

www.frontiersin.org

November 2012 | Volume 6 | Article 108 | 74


http://www.frontiersin.org/Integrative_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Neuroscience/archive

Payne et al.

Sleep and lasting memory changes

the discrete components of emotional scenes (objects, back-
grounds) continue to undergo qualitatively different processing
post-encoding. Little is known, however, about how the differ-
ent components of emotional memories continue to be processed
and transformed over longer periods of time following sleep. For
example, it is unclear how long such trade-offs last in memory,
whether memory for objects and backgrounds remain stable over
time, or continue to diverge, and whether the initial positioning
of sleep is important for these effects.

The current study had several goals. In the first experiment, we
asked whether preferential memory for emotional objects follow-
ing a night of sleep would be positively correlated with time spent
in REM sleep. In the second experiment, we examined whether
such preferential emotional remembering would persist across a
longer delay of 24 h. Here we also examined the impact of sleep’s
placement on memory for the components of scenes in two con-
ditions, comparing a condition where sleep occurred shortly after
learning to a condition where sleep did not occur until after a day
of wakefulness. Importantly, time spent awake and thus subject to
interference was equated in these two 24 h delay conditions. While
an interference account would predict no differences between the
two conditions, a consolidation account would predict a lasting
change in the trade-off effect, and perhaps a magnification of it if
sleep triggers changes that continue throughout the following day.

METHODS

PARTICIPANTS

In the first experiment, which was designed to polysomno-
graphically (PSG) examine the overnight sleep stage correlates
of selective emotional memory consolidation, students from the
University of Notre Dame and Boston College (n = 27) partici-
pated for payment (age 18-25). In the second study, designed to
examine patterns of memory performance across the longer delay
(24 h), 44 college students (age 18-22) from Boston College par-
ticipated for course credit or payment. All subjects slept for >7h
between training and test (M = 8.2 for the overnight PSG group,
M = 8.0h for the sleep first group, and M = 7.5h for the wake
first group; t > 0.30, ns), and for 7.1 h on average the night prior
to the experiment (M = 7.3 h for the overnight PSG group, M =
7.1h for the sleep first group, and M = 7.0h for the wake first
group; t > 0.90, ns). All participants were native English speakers
with normal or corrected-to-normal vision. Participants reported
no history of psychiatric or sleep disorders, nor were they tak-
ing medications that affect the central nervous system or sleep
architecture.

MATERIALS

Stimuli in both experiments consisted of negative arousing or
neutral objects placed on neutral backgrounds to create realis-
tic scenes (Kensinger et al., 2007; Payne et al., 2008). The scenes
were crafted by placing one of a pair of negative arousing objects
(e.g., one of two crashed cars) or neutral objects (e.g., one of two
intact cars) against one of a pair of neutral backgrounds (e.g.,
one of two streets). The pairs of objects and backgrounds were
selected such that the items of a pair shared the same verbal label
(e.g., both were intact cars) but differed in perceptual feature (e.g.,
color, shape, size, and orientation). Each scene thus consisted

of an object (either neutral or negative in valence) placed on a
background (which was always neutral). For example, a neutral
scene might consist of an avocado (a neutral object) placed on a
countertop (a neutral background), while a negative scene might
consist of a spider (a negative object) on a countertop (a neutral
background). By varying the object type (neutral or negative), the
object version (one of two paired objects), and the background
version (one of two paired backgrounds), eight versions of the 64
scenes were created.

Objects and backgrounds were selected from a group of stim-
uli that had been previously rated for arousal and valence using
7-point scales (Kensinger et al., 2006). Negative objects were all
given arousal ratings of 5-7 (with high scores indicating an excit-
ing or agitating image and low scores indicating a calming or
soothing image) and valence ratings lower than 3 (with lower
scores indicating a negative image and high scores indicating a
positive image). Neutral objects and backgrounds were rated as
non-arousing (with arousal scores lower than 4) and neutral (with
valence scores between 3 and 5; see Kensinger et al., 2007 for more
details about the rating procedures).

PROCEDURE

Participants in the first, overnight PSG, study arrived at the
sleep laboratory between the hours of 9 and 10 pm. Electrodes
were applied while they watched a non-arousing video. Sleep
was recorded with Grass/Telefactor/Comet polysomnography sys-
tems. The montage included electrooculography (EOG), elec-
tromyography (EMG), and EEG leads (F3, F4, C3, Cz, C4), with
each electrode referenced to the contralateral mastoid. Sleep data
were scored according to the standards of Rechtschaffen and Kales
(1968). Following PSG hookup, participants viewed the stim-
uli (between 10:15 and 11:30 pm) prior to going to bed. After a
full night of sleep, and at least 30 min after awakening (to allow
for recovery from sleep inertia), recognition memory was tested
(between 7 and 9 am). A summary of sleep measures is provided
in Table 1.

Table 1| Sleep parameters for subjects in overnight sleep study.

Sleep parameter Mean time % Total sleep
(min) £ SEM time &+ SEM

Total sleep time 435+ 12 —

Wake after sleep onset 28+4 -

Sleep latency 1242 -

Stage 1 2342 5.3+0.5

Stage 2 228+8 52.3+1.4

Stage 3 3042 6.9+0.5

Stage 4 60+4 14.04+0.9

SWS (Stages 3 + 4) 90+4 20.7+0.9

REM 94+5 21.6+1.1

An overview of the amount of time spent in various stages of sleep (Sleep
Parameters) for the participants in the overnight PSG study. Time is given in both
mean time in bed and percentage of the total time asleep. Note: All measures
are in minutes. Sleep Latency = latency to sleep onset (first epoch of sleep).
S1-84, Stages 1-4; SWS, Slow Wave Sleep;, REM, Rapid Eye Movement sleep.

Frontiers in Integrative Neuroscience

www.frontiersin.org

November 2012 | Volume 6 | Article 108 | 75


http://www.frontiersin.org/Integrative_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Neuroscience/archive

Payne et al.

Sleep and lasting memory changes

In the second study, participants were randomly assigned to
the “Sleep First” condition (n = 22), or the “Wake First” condi-
tion (n = 22). Subjects in the Sleep First condition viewed the
stimuli between the hours of 7 and 9 pm and were tested ~24h
later, again between the hours of 7 and 9 pm. Subjects in the Wake
First condition viewed the stimuli between the hours of 9 and
11am and were tested ~24h later, again between the hours of
9and 11 am.

All participants studied a set of 64 scenes (32 with a negative
arousing object on a neutral background and 32 with a neu-
tral object on a neutral background) for 5s each. The version
of the scene shown during the study phase was counterbalanced
across participants. Once a given scene was removed from the
screen, participants were asked to indicate whether they would
want to approach or move away from the scene if they were to
encounter it in real life, a procedure used to ensure deep encod-
ing in this otherwise incidental learning task. Responses were
made by button press, using the numbers 1-7, with “1” indicat-
ing that they would move closer, “7” indicating that they would
move away, and “4” indicating that they would stay at the same
distance.

After the relevant delay period, subjects performed an unex-
pected, self-paced recognition test. They viewed objects and
backgrounds separately and one at a time (i.e., subjects never
saw the scenes in their entirety at test). Some of the objects
and backgrounds presented were identical to those that had
been previously studied (same), others were the alternate ver-
sion of the object or background pair and thus differed from
the studied version in perceptual features but not verbal label
(similar), and some were new objects or backgrounds that had
not been studied (new). Participants saw either the same or the
similar version of an object or background on the recognition
test, never both versions. Each object and background presented
on the screen was accompanied by a question (e.g., “Did you
see a spider?”). Participants responded “same” if the answer to
the question was “yes” and if the object or background pre-
sented was the exact match to what had been viewed during
the study phase. Participants responded “similar” if the object
or background shared the same verbal label, but was not an
exact match to a studied component. If the answer to the ques-
tion was “no,” participants responded “new,” indicating that the
object or background had not been seen during the study phase.
All responses were made on the keyboard, with “i” indicat-
ing “same/identical,” “s” indicating “similar,” and “n” indicating

The recognition task included 32 same objects (16 negative,
16 neutral), 32 similar objects (16 negative, 16 neutral), 32 new
objects (16 negative, 16 neutral), 32 same backgrounds (16 pre-
viously shown with a negative object, 16 previously shown with
a neutral object), 32 similar backgrounds (16 previously shown
with a negative object, 16 previously shown with a neutral object),
and 32 new backgrounds.

DATA ANALYSIS

As in other studies requiring subjects to make same/similar dis-
tinctions at retrieval (Garoff et al., 2005; Kensinger et al., 2006),
we considered “same” responses to same items to reflect memory

for the visual details of the studied object or background (“spe-
cific recognition”). However, this is a highly stringent measure
of memory accuracy, particularly in light of the long delay used
here. Thus, we also examined memory by a less stringent “over-
all recognition” measure (“same” + “similar” response to same
items, see Kensinger et al., 2007). Consistent with previous stud-
ies using this measure (e.g., Kensinger et al., 2007; Payne et al.,
2008), same items given either a “same” or a “similar” (and not
a “new”) response were considered to reflect memory for at least
some aspects of the studied item, because subjects have to remem-
ber at least that a given type of object or background had been
studied (i.e., that they had seen some kind of avocado or some
kind of countertop)—otherwise, they would have indicated that
the item was “new.” Both overall and specific recognition scores
were computed separately for the central object (negative or neu-
tral) and for the background on which objects were presented
(always neutral). Although false alarms (“same” responses to new
items) were relatively low (less than 14% in all cases), and did not
differ between groups on any measure, all recognition scores were
corrected for false alarms. By examining memory performance
across 24 h in the “Sleep First” and “Wake First” conditions, we
were able to examine how the passage of time influenced memory
depending on the placement of sleep.

RESULTS

IS MEMORY FOR EMOTIONAL OBJECTS ASSOCIATED WITH REM
SLEEP?

Our first goal was to determine whether selective emotional mem-
ory was specifically associated with REM sleep. As in Payne
et al. (2008), we found clear evidence for the emotional mem-
ory trade-off following the 12h overnight delay. The 2 (Object
valence: Negative, Neutral) x 2 (Scene component: Object,
Background) repeated measures ANOVA revealed a significant
interaction between Object valence and Scene component, both
for specific recognition, [F(, 26y = 26.7, p < 0.001], and overall
recognition [F(1, 26y = 23.6, p < 0.001]. While specific recogni-
tion of negative objects was significantly better than for neu-
tral objects, [t26) = 5.9, p < 0.001], memory for backgrounds
that had contained these negative objects was impaired relative
to backgrounds that had contained neutral objects [t6) = 2.9,
p = 0.007]. The same was true for overall recognition mem-
ory [toe) = 3.3, p=0.003 and te = 4.1, p < 0.001, respec-
tively].

As predicted, Pearson’s r correlations revealed that overnight
memory for emotional objects was positively correlated with
both the total amount of time spent in REM and percent of
total sleep time spent in REM (REM%) (Figure 3). This was the
case for specific recognition (“same” responses), [REM, r27) =
0.57, p = 0.002; REM%, r(27) = 0.58, p = 0.002] as well as over-
all recognition (“same” + “similar” responses), [REM r7) =
0.54, p = 0.003; REM%, rp7) = 0.52, p = 0.006]. The speci-
ficity of this effect is highlighted by the fact that no other
sleep stage (stage 1, 2, SWS), or total sleep time, correlated
with emotional object memory, nor did any sleep stage corre-
late with any of the other memory measures (neutral objects
or backgrounds that were associated with either negative or
neutral objects).
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FIGURE 3 | REM sleep correlations. Specific recognition of negative
objects is selectively positively correlated with time spent in REM sleep
(REM Sleep Min) and with percent of the night spent in REM sleep (REM
Sleep %).

DOES THE EMOTIONAL MEMORY TRADE-OFF PERSIST

ACROSS A 24 H DELAY?

Our next goal was to examine whether there would be evi-
dence for the emotional memory trade-off 24 h post-encoding,
or rather this long delay would weaken or eliminate it com-
pletely. We thus conducted a 2 (Object valence: Negative, Neutral)
X 2 (Scene component: Object, Background) repeated mea-
sures ANOVA on specific recognition. As predicted, there was a
highly significant interaction between Object valence and Scene
component, [F(1, 42y = 60.1 p < 0.001], which confirms the exis-
tence of the trade-off 24 h post-encoding (Figure 4). While neg-
ative object memory was significantly better than neutral object
memory, [t43) = 5.6, p < 0.001], memory for backgrounds that
had contained these negative objects was impaired relative to
backgrounds that had contained neutral objects [t(43) = 3.8,
p < 0.001]. In addition, although objects and backgrounds were
recognized at similar rates within neutral scenes, [t@43) = 0.7,
p = 0.48, ns] (Figure4, right), objects were significantly bet-
ter recognized than backgrounds within negative scenes, [#(43) =
4.4, p < 0.001] (Figure 4, left). The Valence by Scene compo-
nent interaction also emerged in overall recognition, [F(i, 42) =
56.9, p < 0.001]. Again, while negative object memory was
significantly better than neutral object memory, [t@43) = 5.7,
p < 0.001], memory for backgrounds that had contained negative
objects was impaired relative to backgrounds containing neutral
objects [t43) = 3.3, p = 0.002]. Moreover, although objects and
backgrounds were recognized at similar rates within neutral

8059 mObjects OBackgrounds

Mean Recognition Score

0+ T 1
Negative Scenes Neutral Scenes

FIGURE 4 | Twenty-four hours delay memory performance overall. The
emotional memory trade-off effect is preserved following a 24 h delay. Note
that object memory is superior for negative, compared to neutral, scenes
(p < 0.001), while scene backgrounds are more poorly remembered if they
are paired with negative, compared to neutral, objects (p < 0.001).

scenes, [t43) = 0.5, p > 0.60, ns], objects were significantly bet-
ter recognized than backgrounds within negative scenes, [t43) =
6.8, p < 0.001]. These findings confirm and extend the well-
documented trade-off for the central and peripheral components
of emotional scenes seen after brief time delays (Kensinger et al.,
2007; Payne et al., submitted), and after a 12 h delay (Payne et al.,
2008; Payne and Kensinger, 2011), revealing that the effect is still
present 24 h after study.

THE TRADE-OFF EFFECT IN THE SLEEP FIRST VS. WAKE FIRST
CONDITIONS

Nevertheless, the strength of the trade-off effect is strongly mod-
ulated by the nature of the delay between training and test. In
the Payne et al. (2008) study, we found evidence for a magni-
fied trade-off following a night of sleep relative to both a 30 min
baseline condition and a period of daytime wakefulness. An inter-
ference account would deem this effect merely passive and tem-
porary, and would thus predict no differences between the Sleep
First and Wake First groups in a memory test given 24 h post-
encoding. A consolidation account, on the other hand, would
predict a lasting change in the trade-off, and perhaps a magni-
fication of it if sleep triggers changes that continue throughout
the following day. To differentiate between these possibilities,
we examined whether Object valence (Negative, Neutral) and
Scene component (Object, Background) further interacted with
the Delay variable (24h Sleep First vs. 24 h Wake First). There
was a highly significant 3-way interaction among the variables,
both for Specific recognition, [F(, 42y = 21.3, p < 0.001], and
Overall recognition [F(i, 42) = 18.3, p < 0.001], which reveals
distinct patterns of emotional remembering in the Sleep First
and Wake First conditions (Figure 5). Negative, but not neutral,
objects were better remembered in the Sleep First condition than
in the Wake First condition. This effect was significant for Specific
recognition, [f42) = 2.0, p < 0.05], and emerged as a strong
trend for Overall recognition, [t42) = 1.8, p = 0.08]. Moreover,
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the backgrounds associated with negative, but not neutral, objects
were more poorly remembered in the Sleep First condition than
in the Wake First condition, an effect that was significant for both
Overall recognition, [t(42) = 2.2, p = 0.03] and Specific recogni-
tion, [t42) = 2.7, p = 0.01]. Thus, while negative object memory
was enhanced in the Sleep First relative to the Wake First condi-
tion, memory for the backgrounds on which they were presented
was impaired in the Sleep First relative to the Wake First condition
(see Figure 5A).

In addition, the emotional memory trade-off effect emerged
in the Sleep First, but not the Wake First, condition. Although the
2-way interaction between Object Valence and Scene Component
was significant in both the Sleep First group, [F, 21y = 73.3,
p < 0.0001] and the Wake First group, [F(1, 21y = 5.1, p = 0.03],
only the Sleep First group showed evidence both of superior mem-
ory for negative over neutral objects, [f21) = 6.3, p < 0.0001],
and impaired memory for backgrounds associated with negative
over neutral objects, [t1) = 5.0, p < 0.0001]. The Wake First
group, on the other hand, showed evidence only for the former,
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FIGURE 5 | Twenty-four hours delay memory performance is
modulated by the placement of sleep. (A) Negative objects are better
remembered in the Sleep First (p < 0.05), compared to the Wake First,
condition, but the opposite is true for associated backgrounds (p < 0.05).
(B) The Sleep First and Wake First groups do not differ on memory for any
component of the neutral scenes.

[to1) = 2.5, p = 0.02], but not the latter comparison, [t1) =
0.12, p = 0.90, ns]. These patterns can be seen in Figure 6. This
finding demonstrates that the trade-off effect following a 24 h
delay is driven largely by the Sleep First, and not the Wake First,
condition.

CHANGES IN SCENE MEMORY OVER TIME

In a previous study using identical methods (Payne et al., 2008),
we examined memory for these scenes across three additional
time intervals: 30 min, 12h spanning a night of sleep, and 12h
spanning a day of wakefulness (Figure 1, labeled “a”). We present
this information in relation to the 24-h (i.e., Sleep First and Wake
First) delay intervals because it helps us understand how the
components of these emotional scenes continue to change over
time, and whether sleep has a longer lasting influence on their
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FIGURE 6 | (A) Change in memory across time. Relative to the 30 min
condition, negative object memory was preserved 12 h later provided that
subjects slept in the delay interval (Sleep 12 h group). Moreover, there was
no further deterioration in negative object memory over the next 12 h
(comparison between the Sleep 12 and 24 h Sleep First group). However,
the backgrounds associated with these negative objects continued to
deteriorate across these delay intervals, suggesting that sleeping soon after
learning is key for protecting memory for emotional components of scenes.
In the wake groups, on the other hand, memory for negative objects
continued to deteriorate from the 30 min to Wake 12 h and from Wake 12 to
24 h Wake First delays, which depicts a pattern of increasing memory
deterioration for negative objects in the wake groups. Note also the
absence of the trade-off effect in the 24 h Wake First group (no difference in
memory for objects vs. backgrounds), as well as the increased magnitude
of the trade-off effect in the two sleep conditions (sleep 12 and 24 h Sleep
First—see brackets). **p < 0.01. (B) Memory for neutral scenes shows a
net decline over time, but note that the groups groups do not differ in
memory for objects vs. backgrounds at any of the delay intervals.
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consolidation. As a caveat, it should be noted that these are cross-
experiment comparisons; we are not tracking changes in memory
in the same individuals. Still, given the similarity of the sam-
ples in the two studies (subjects were university students of the
same age), we think these comparisons provide important prelim-
inary evidence for how the components of these emotional scenes
are retained over different delays, and can help us understand
whether sleep has a longer lasting influence on their consolida-
tion. Although the pattern of findings reported below was similar
for all types of memory measured, we report corrected specific
memory scores here! because those data (i.e., for the 12 h sleep
and wake groups) were not reported in the Payne et al. (2008)
study.

A 2 (Object valence: Negative, Neutral) x 2 (Scene com-
ponent: Object, Background) x 5 (Delay: 30 min, 12h Sleep,
12h Wake, Sleep First, Wake First) repeated measures ANOVA
conducted on corrected specific recognition memory revealed a
highly significant interaction among the three factors, [F, 126) =
5.4, p=0.001] (Figures6A,B). Several interesting patterns
emerge when comparing the 30 min, 12 h Sleep, and 24 h Sleep
First conditions (see Figure 6A). First, there was no impairment
in memory for negative objects tested after a 30 min delay vs.
a 12h delay, provided that delay contained sleep (p = 0.25); if,
however, this delay occurred across a 12 h delay of wakefulness,
memory for negative objects suffered significant deterioration
(p = 0.002). Backgrounds, on the other hand, continued to dete-
riorate regardless of delay condition (12 h wake, p = 0.001, 12h
sleep, p = 0.006), suggesting that sleep selectively preserves only
the emotional components of these scenes (see Payne et al., 2008).
Strikingly, this selective benefit of sleep may last across even
longer delays: there was no significant difference in memory for
negative objects tested after 12h vs. 24h when sleep occurred
soon after study (i.e., when comparing the 12h Sleep and 24 h
Sleep First conditions; p = 0.20), but there was an additional, pre-
cipitous decline in memory for their associated backgrounds that
occurred over this additional twelve hour delay (p = 0.009).

An interesting consequence of this continued deterioration
of negative scene backgrounds is a further magnification of the
trade-off in the 12h Sleep and 24 h Sleep First condition, which
can be seen by examining the difference between objects and
backgrounds (see curved connectors in Figure 6A). Clearly, sleep-
ing soon after encoding the scenes leads to the largest trade-off
effects 12 and 24 h later. In fact, while the trade-off effect is present
in the 12h Wake condition, it dissipates in the 24 h Wake First
condition (Figure 6A).

Looking next at the neutral scenes (Figure 6B), one can see
that there is little to report, other than a continual decline
in recognition rates for both objects and backgrounds across
increasing delays. There were no significant differences between

IFalse alarms, i.e., “new” responses to “same/identical” items, were subtracted
from the specific memory hit rate. We refer the interested reader to the Payne
et al. (2008) study for information on overall recognition memory following
the sleep and wake delays. Because those data were previously published, we
do not report them here. We note, however, that the ANOVA referred to above
(i.e., with the 5-level Delay variable), when conducted on corrected overall
recognition, returned a similarly significant interaction among the 3 factors,
[F(4'126) =5.7,p < 0.0001].

objects and backgrounds in any condition, nor were there differ-
ences, in either objects or backgrounds, between the 12h Sleep
and 12h Wake conditions, or the Sleep First and the Wake
First conditions. Thus, while the placement of sleep appears
very important for selectively remembering the components of
emotionally negative scenes, it has no influence on memory for
the backgrounds associated with negative objects, or for neutral
scenes in their entirety.

DISCUSSION

The field of emotional memory research is growing rapidly,
but there is still much to learn about how memories for emo-
tional events are processed, stored, and how they change over
time (Payne and Kensinger, 2010). Although substantial evidence
now suggests that the offline brain state of sleep provides ideal
conditions for memory consolidation (reviewed by Stickgold,
2005; Ellenbogen et al., 2006; Diekelmann and Born, 2010) and
transformation (reviewed in Payne and Kensinger, 2010, 2011),
considerably less work has examined sleep’s role in emotional
memory formation. While several studies have shown that sleep
enhances emotional episodic memories over neutral ones, the
time course of these effects remains to be fully understood
(although see Wagner et al., 2006 for an excellent preliminary
study), as do the sleep stages involved.

Here, we show a clear relationship between REM sleep and
preferential emotional memory consolidation. Memory for emo-
tional objects (but not neutral objects or the backgrounds asso-
ciated with either emotional or neutral objects) was positively
correlated with REM sleep, but not with any other sleep stage.
Indeed, the only correlations to emerge between any of the mea-
sures of memory and sleep were those between the two REM
measures (time spent in REM sleep and % of the night spent
in REM sleep) and correct recognition of emotional objects (for
both specific and overall recognition). This finding builds on pre-
vious studies using naps (Nishida et al., 2009) and split-night
designs (Wagner et al., 2001) to implicate REM sleep in emo-
tional memory consolidation. To our knowledge, however, it
is the first to reveal a positive correlation between REM sleep
and selective consolidation of emotional aspects of scenes in an
overnight design. The fact that emotional memory retention cor-
relates with a specific sleep stage reduces concerns that exposure
to waking interference in the wake group (rather than active
consolidation processes in the sleep group) drives the emotional
memory benefit observed in the sleep group. If sleep served to
merely passively protect memories from waking interference, one
might expect total sleep time to correlate with memory perfor-
mance, yet that was not the case here. Instead, a particular sleep
stage—REM sleep—correlated specifically and exclusively with
retention of emotional objects. The specificity of this correla-
tion also reduces concerns that our results are due to time of day
influences alone.

Further evidence against an interference interpretation is pro-
vided by the 24 h data. By an interference account, sleep passively,
and transiently protects memories from retroactive interference,
but only until they are exposed to interference the subsequent
day (Wixted, 2004). Recently, an “opportunistic theory” of mem-
ory consolidation has been posited (Mednick et al., 2011), which
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argues that any condition resulting in reduced exposure to inter-
ference will benefit declarative memory consolidation. Thus, sleep
per se is not uniquely beneficial to memory. However, even in
our prior study (Payne et al., 2008), sleep’s benefit to memory
was strongly modulated by emotionality and scene component;
that is, sleep and wake exerted a similar effect on memory for
neutral objects and all backgrounds, but gave a specific boost to
memory for emotional objects. Thus, while the broad pattern of
results reported in that study appear to fit a more opportunistic
account of memory consolidation, the dissociable and differen-
tial effects of wake and sleep on consolidation of emotional and
neutral objects, and backgrounds is not parsimoniously explained
by such an account. The current study further rules out an inter-
ference interpretation by assessing memory after two 24 h delay
intervals, which, critically, contained equal amounts of sleep and
wakefulness. In spite of the fact that waking interference was
equated in the two groups, participants who slept shortly after
learning (24 h Sleep First condition) had superior memory for
emotional objects compared to those whose sleep was delayed for
16 h post-encoding following a full day of wakefulness (24 h Wake
First condition). Together with the selective REM sleep correla-
tion reported above, it becomes difficult to explain the current
data via an interference account alone. Similarly, while we rec-
ognize that the 24 h data are subject to circadian confounds, and
concede that a time of day explanation cannot be fully ruled out
in that design (see Schmidt et al., 2007 for an excellent review of
circadian influences on cognition), the selective correlation with
REM sleep minimizes concerns about a strict circadian interpre-
tation of our results (although we acknowledge that circadian
influences could be operating in concert with REM sleep physiol-
ogy, especially as chronotype was not controlled for). Given that
emotional memory performance has also been associated with
REM sleep in a daytime nap study (Nishida et al., 2009), where all
subjects were trained and tested in the afternoon, we believe that
active (neurobiological) processes occurring during (REM) sleep
are likely to play a key role (Ellenbogen et al., 2006; Diekelmann
and Born, 2010) in the selective emotional memory consolidation
effects observed here.

The 24 h data not only suggest an active sleep-dependent con-
solidation process, but also emphasize that the selectivity of the
process is maximized when sleep follows soon after learning. As
can be seen in Figure 5, the difference in memory between neg-
ative objects and their backgrounds was larger in the Sleep First
condition than in the Wake First condition, and only in the Sleep
First condition did memory for backgrounds accompanying neg-
ative objects fall below the levels of memory for backgrounds
accompanying neutral objects. Thus, although sleep conveys a
benefit to memory regardless of how soon after learning the place-
ment of sleep occurs, it is the selectivity of that benefit that is
enhanced when sleep follows soon after learning.

The selective effects of sleep on memory are further
emphasized in the comparisons of the 24 h conditions to the 12h
data from Payne et al. (2008). Memory for emotional objects
did not deteriorate between the first 12h (12 h sleep group) and
the second 12h (24 h Sleep-First group), suggesting that sleeping
shortly after learning selectively stabilizes the emotional compo-
nents of scene memories, such that subsequent wakefulness has

a diminished negative effect. Notably, this “sleep first” effect has
also been seen with tasks examining memory for paired asso-
ciates (Payne et al., 2012), vocabulary learning (Gais et al., 2006),
face-location pairs (Talamini et al., 2008), and an observational
learning task (Van Der Werf et al., 2009), and has clear implica-
tions for learning (maximizing sleep’s benefit by sleeping at the
appropriate time after learning, e.g., studying one final time for
an exam prior to bedtime). However, the backgrounds associ-
ated with the emotional objects suffered profound deterioration,
above and beyond that seen after the first 12 h. This suggests that
while the sleeping brain apparently “selects” emotional compo-
nents of scenes for preferential consolidation, a benefit that lasts
across a longer (24 h) delay interval, it does not give similar weight
to memory for backgrounds, instead letting them continue to
deteriorate (or perhaps actively suppressing them).

These findings suggest that the sleeping brain selects for
consolidation only what is most emotionally salient about an
experience and perhaps most relevant to future goals (Payne
and Kensinger, 2010). Previous accounts have conceptualized
such preferential emotional remembering as an encoding phe-
nomenon (Loftus et al., 1987; Reisberg and Heuer, 2004; Talmi
et al., 2008; Niu et al., 2012). More attention is paid to emotion-
ally salient information at encoding; thus it is better remembered
later on. But here we show that post-encoding, sleep-based con-
solidation processes also play a role in cementing and magnifying
the emotional memory trade-off effect. If encoding factors alone
were responsible for the trade-off effect, we would expect memory
for scene components to be identical in the two delay condi-
tions. If, on the other hand, sleep-based consolidation processes
influence the development of the trade-off effect, then we might
expect a divergence in the scene components in the two condi-
tions, perhaps with a greater magnification of the trade-off in the
Sleep First group than in the Wake First group, which is exactly
what we find here. Between the 12 and 24 h delay groups, the
trade-off was magnified across time when sleep occurred soon
after learning. However, if wake occurred first in this 24 h inter-
val, the trade-off that was observed even in the 12 h wake group
becomes non-existent. This finding provides strong evidence that
sleep-dependent consolidation processes are critical for the devel-
opment and maintenance of the trade-off effect, not exclusively
processes that occur during encoding.

A number of other studies support this notion of sleep
continuing to protect and promote emotional memory pro-
cessing over the long-term (Wagner et al., 2006; Sterpenich
et al., 2009). Wagner et al. (2006) found that memory for emo-
tional, but not neutral, narrative descriptions persisted 4 years
later in subjects who had slept shortly after learning as com-
pared to those who first remained awake. A potential mech-
anism for such effects is the refinement and redistribution of
these memories to different regions of the brain, which sleep
appears to support more effectively than wakefulness (Payne and
Kensinger, 2011), and which results in changing activation pat-
terns as delays grow longer (Sterpenich et al., 2007, 2009). For
instance, Sterpenich et al. (2007, 2009) found that remembering
emotional pictures studied before a period of sleep transferred
activation from the medial temporal lobe to the cortex during
testing occurring 3 days to 6 months after learning, a pattern
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of activation that was much weaker in those who had remained
awake after learning. Thus, there is compelling evidence that
sleep, but not wake, soon after learning acts at the neural level
to efficiently consolidate emotional memories, and these effects
remain visible months and even years later.

An alternative interpretation of these and other sleep data is
provided by the synaptic homeostasis hypothesis (Tononi and
Cirelli, 2003). According to this hypothesis, learning increases the
strength of synapses in the brain, which in turn requires synap-
tic downscaling during sleep, and specifically slow wave sleep, to
return synaptic strength to baseline levels (Tononi and Cirelli,
2003). By this account, stronger memories are preserved because
even after downscaling, these memories persevere the reduction
in synaptic strength. Our results could be broadly consistent with
this theory insofar as we find a degradation of memory over
time for all scene elements, but with the least degradation for
the most salient aspects of the scenes, the emotional objects.
However, rather than observing a positive correlation between
memory enhancement and SWS, as would be predicted by the
synaptic homeostasis hypothesis, we find that emotional mem-
ory enhancement is correlated with REM sleep. While our results
are not easily explained by synaptic homeostasis, and instead
appear to be the result of active consolidation processes occurring
during specific sleep stages, the two accounts are not mutu-
ally exclusive. It may well be that some refinement of memory
traces occurs during slow wave sleep, which is in turn fol-
lowed by REM sleep-based processes that are key for emotional
experiences.

Collectively, these results have important implications for
adaptive remembering. It has long been known that forgetting
is adaptive, but optimal memory functioning demands that we
maintain a record of the events that hold future relevance (Levine
and Edelstein, 2009). It thus seems reasonable that sleep-specific
processes would selectively preserve the most salient, negative
aspects of the scenes used here, even if this comes at the cost of
the peripheral information, because knowledge of the emotional

component will provide a greater benefit to the individual in the
future. However, preferential retention of emotional information
may also come at a cost; rumination and flashbacks may reflect
vivid memories of negative events that are removed from the con-
text in which they occurred, and as such, the present research may
have implications for the etiology and prognosis of diseases like
depression and post-traumatic stress disorder (PTSD). Both dis-
orders are associated with sleep disturbances and abnormal sleep
architecture, with several studies pointing to specific disruptions
in REM sleep (Berger and Riemann, 1993). In fact, recent studies
suggest that those with a history of trauma but not current PTSD
do not exhibit the typical emotional memory trade-off, instead
showing an overall memory bias for both the emotional and neu-
tral objects at the expense of the backgrounds associated with
both stimulus types (Mickley Steinmetz et al., 2012). Investigating
what makes these individuals different from traumatized individ-
uals who do develop PTSD, and what role sleep may play in this
relationship, will be important topics for future study.

Understanding the cognitive and neural mechanisms underly-
ing the development, maintenance, and long-term consequences
of emotional memory trade-offs, and how sleep is involved, is
critical for knowledge of healthy emotional processing as well as
its dysfunction. The present data contribute to that larger goal by
showing that sleep soon after learning triggers lasting memory for
negative emotional components of an experience, at the expense
of neutral components. The findings reported here cannot be eas-
ily accounted for by an interference account, and instead reveal
that selective emotional remembering is associated with active
processing during REM sleep.
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electroencephalography, suggest that the motivational intensity of the affective state
predicts the narrowing of cognitive scope. Finally, research suggests that the relationship
between emotive intensity and cognitive scope is bi-directional, such that manipulated
changes in cognitive scope influence early brain activations associated with emotive
intensity. In the end, the review highlights how emotion can impair and improve certain
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cognitive processes.

We review research that has examined the effects of emotional
states varying in motivational intensity on cognitive scope (nar-
rowing/broadening). This research may yield insight into the
issues with which this special issue is concerned. In particular, the
research sheds light on the circumstances in which emotion may
enhance vs. impair cognition and identifies individual differences
that influence these effects.

Emotions (affective states) are complex psychophysiological
constructs composed of many underlying dimensions. We define
valence as the positive to negative evaluation of the subjec-
tively experienced state (Harmon-Jones et al., 2011a,c). We define
motivational intensity as the urge to move toward/away from a
stimulus; it can range from low to high (Harmon-Jones et al.,
in press). Arousal, as measured subjectively and by activation of
the sympathetic nervous system, is often posited to be a proxy
for motivational intensity (Bradley and Lang, 2007). We concur
with this definition but also posit that motivational intensity and
arousal may be separable, as when one is aroused but not driven
to engage in action (e.g., caffeine).

Our program of research has examined how affective states
differing in motivational intensity influence the broadening or
narrowing of cognition, which is defined as similar to cognitive
expansiveness. It can occur at attentional or conceptual levels,
it may involve the amount of information available in central
executive resources (for comparing, maintaining, and manipulat-
ing) as well as perceptual resources (e.g., encoding), and it has
been used in past discussions of the effects of emotions on cogni-
tion (e.g., Fredrickson, 2001). It has been measured in a number
of ways, such as local/global attentional scope (Fredrickson and
Branigan, 2005), visual selective attention (Rowe et al., 2007;
Moriya and Nittono, 2011), perceptual encoding in the visual
cortices (Schmitz et al., 2009), cognitive categorization (Isen and
Daubman, 1984), and unusualness of associations (Isen et al.,
1985).

Keywords: approach motivation, broadening, cognitive scope, EEG, emotion, ERP, narrowing, positive affect

As will be reviewed, affective states low in motivational inten-
sity cause broadening, whereas affective states high in motiva-
tional intensity cause narrowing of cognitive scope. Thus, with
regard to whether affective states impair or enhance cognition,
we suggest on the basis of our research that certain affective
states can enhance certain aspects of cognition while simultane-
ously impairing other aspects of cognition. Below, we explain our
position in more detail.

POSITIVE AFFECTS VARY IN MOTIVATIONAL INTENSITY

Most previous research on the relationship between affective
states and cognitive scope (broad vs. narrow) has examined pos-
itive affective states low in motivational intensity (amusement)
and negative affective states high in motivational intensity (fear;
Harmon-Jones and Gable, 2008). This confounding of affective
valence with motivational intensity makes it difficult to claim that
positive affect broadens (Fredrickson, 2001) and negative affect
narrows cognitive scope (Easterbrook, 1959).

The prior research manipulated positive affect via gifts (Isen
and Daubman, 1984), recall of past positive events (Gasper
and Clore, 2002), or clips of humorous or satisfying events
(Fredrickson and Branigan, 2005). We suggest that the positive
affective state created by these manipulations is low in approach
motivation because these manipulations create relatively passive
states not associated with goal pursuit. Other positive affec-
tive states are higher in approach motivation, but they were
not examined in past research on positive affect and cognitive
scope.

This distinction between low and high approach motivated
positive affect (which is on a continuum) is similar to other con-
ceptualizations, such as ones that posit that appetitive or pre-goal
positive states are different from consummatory or post-goal pos-
itive states (Knutson and Wimmer, 2007). Pre-goal and post-goal
positive affect states are associated with different neural structures
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and neurochemicals (Panksepp, 1998; Knutson and Wimmer,
2007; Harmon-Jones et al., 2008).

We posit that pre-goal, high approach-motivated positive
affective states, such as desire and enthusiasm, narrow cogni-
tive scope, so that organisms are not distracted by peripheral
details that may impede goal pursuit. In contrast, post-goal, low
approach-motivated positive affective states, such as satisfaction,
promote openness to new opportunities. After the goal is accom-
plished, a broad cognitive scope allows new goal opportunities to
be identified and later pursued. Low approach-motivated negative
affect, such as sadness, also broadens cognitive scope. When goals
are terminally blocked and motivation lowers, broadened atten-
tion may assist in finding new solutions to the goal or finding a
new goal.

ATTENTIONAL SCOPE FOLLOWING LOW vs. HIGH
APPROACH POSITIVE AFFECT

In our program of research, we measured attentional scope using
two commonly used measures of local/global processing. The
first, the Kimchi and Palmer (1982) task, presents several trials.
In each trial, three figures, each comprising three to nine local
elements (triangles or squares), are presented. One figure, the
standard, is positioned on top, and the two other figures, the com-
parisons, are positioned below. One of the comparison figures has
local elements that matched the local elements of the standard,
whereas the other comparison figure has a global element that
matches the global element of the standard. Thus, judgments of
which comparison figure are more similar to the standard figure
are based on either the global element of one comparison figure
or the local elements of the other comparison figure. Participants
indicate their “first and most immediate impression” as to which
of the two comparison figures in each triad best matches the stan-
dard figure, and their choice indicates whether they were more
locally (narrowly) or globally (broadly) focused at the moment.

The second, the Navon (1977) letters task, also presents several
trials. The stimuli in the letters task are large letters composed of
smaller letters. Each vertical and horizontal line of a large letter
is made up of five closely spaced local letters (e.g., an H made up
of Fs). Participants are asked to indicate “as quickly as possible”
whether the picture contains the letter T or the letter H, by press-
ing one button for T and another button for H. Global targets are
those in which a T or an H is composed of smaller Ls or Fs. Local
targets are those in which a large L or F is composed of smaller T's
or Hs. Faster responses to the large than to the small letters indi-
cate a global (broad) focus, whereas faster responses to the small
than to the large letters indicates a local (narrow) focus.

To test the effects of low vs. high approach-motivated posi-
tive affect on attentional scope (using the Kimchi and Palmer,
1982, task), low approach positive affect was created with a film
clip of funny cats, and high approach positive affect was cre-
ated with a film clip of desserts (Gable and Harmon-Jones, 2008,
Experiment 1). Self-report manipulation checks indicated that
the appropriate positive affective states were evoked without any
negative affect. In support of the hypothesis, the dessert film
(which caused high approach positive affect) caused less broad-
ening of attention than the funny cats film (which caused low
approach positive affect).

Other experiments found that dessert pictures caused more
narrowing of attention than neutral pictures (Gable and Harmon-
Jones, 2008, Experiment 2). Also, individuals who scored higher
in trait approach motivation showed even more narrowing of
attention following appetitive pictures (Gable and Harmon-
Jones, 2008, Experiment 3). Increased approach motivation
caused by leading individuals to believe they would get to eat
desserts following picture viewing evoked even more narrow-
ing of attention (Gable and Harmon-Jones, 2008, Experiment 4).
In addition, alcohol-related pictures cause narrowed attention
for individuals who are motivated to consume alcohol (Hicks
et al., 2012). The above experiments measured attentional scope
with the Navon (1977) task. These positive affect manipulations
increase self-reported positive affect (e.g., excited, enthusiastic)
but not negative affect.

EVOKING LOW vs. HIGH APPROACH-MOTIVATED
POSITIVE AFFECT WITH MONEY

Other experiments have tested the primary hypothesis by evoking
positive affect using stimuli other than emotional pictures. Low
vs. high approach positive affect was manipulated in one exper-
iment using the monetary incentive delay paradigm (Knutson
et al., 2000; Knutson and Wimmer, 2007). In this task, cues
indicating the possibility of gaining money for task performance
are used to evoke pre-goal (high approach) positive affect, and
different cues indicating the outcome of the task performance
(whether a reward was obtained) are used to evoke post-goal (low
approach) positive affect.

In one experiment (Gable and Harmon-Jones, 2010a), cog-
nitive scope was measured by assessing recognition memory for
neutral words that were presented either in the center of the com-
puter monitor or in the periphery of the computer monitor. We
found that superior memory for centrally presented words after
pre-goal positive affect cues than after post-goal positive affect
cues. In contrast, memory for peripherally presented words was
superior after post-goal positive affect cues than pre-goal pos-
itive affect cues. Two experiments have conceptually replicated
these results with Navon’s (1977) local/global attentional scope
task (Gable and Harmon-Jones, 2011a).

PERCEPTUAL vs. CONCEPTUAL PROCESSING FOLLOWING
LOW vs. HIGH APPROACH POSITIVE AFFECT

To test whether low vs. high approach positive affect would influ-
ence other, more conceptual cognitive processes, we conducted
two experiments in which narrowing/broadening of cognition
was measured using Isen and Daubman’s (1984) cognitive cat-
egorization task (Price and Harmon-Jones, 2010). In addition,
we manipulated low and high approach positive states with an
embodiment manipulation (Harmon-Jones et al., 2011b). In the
high approach positive affect condition, participants smiled and
leaned forward in a chair, similar to how one might lean toward
an object of desire. In the low approach positive affect condi-
tion, participants smiled and reclined backward in a reclining
chair, similar to how one might recline after goal accomplish-
ment. In a moderate approach positive affect condition, partic-
ipants sat upright and smiled. In the categorization task, which
was completed while participants were in one of these postures,
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participants rated the extent to which weakly associated exem-
plars (e.g., camel) of a particular category (e.g., vehicle) fit within
that category. The high approach positive condition produced the
most narrow categorizations (i.e., participants were more likely
to indicate that the exemplars did not belong to the category),
followed by the moderate approach positive condition, and then
the low approach positive condition.

NEUROSCIENTIFIC EVIDENCE

To examine neural processes underlying the effects of approach
positive affect on cognitive narrowing, we have conducted
experiments using measures of electrical brain activity. In one
experiment (Harmon-Jones and Gable, 2009), we measured elec-
troencephalographic (EEG) alpha power to neutral and dessert
picture primes and measured attentional scope following each
prime using the Navon (1977) letters task. We focused on asym-
metric frontal cortical activity, because greater relative left frontal
cortical activity has been found to relate to approach motivation
(Coan and Allen, 2004; Harmon-Jones et al., 2010). Results indi-
cated that greater relative left frontal activity to the dessert pic-
tures (but not neutral pictures) predicted attentional narrowing
immediately following the dessert picture primes (Harmon-Jones
and Gable, 2009).

In another experiment, we used the same methods (affective
pictures and Navon letters task) but examined event-related brain
potentials (ERP), specifically the late positive potential (LPP) of
the ERP (Gable and Harmon-Jones, 2010b), which is sensitive to
the motivational significance of stimuli (for review, see Hajcak
etal.,2012). We found that the LPP was larger to dessert than neu-
tral pictures. This LPP effect occurred over several brain regions,
including medial central and parietal cortices. It also showed an
asymmetric effect over the frontal cortex, with the dessert pic-
tures evoking larger LPPs over the left than right frontal cortex.
Importantly, LPPs to dessert pictures predicted attentional nar-
rowing following the dessert pictures (no significant correlations
were observed for neutral stimuli).

COMPARING NEGATIVE AFFECTIVE STATES DIFFERING
IN MOTIVATIONAL INTENSITY

Based on the reviewed research, we suggest that the motiva-
tional intensity of the positive affect determines whether positive
affect causes broadening or narrowing of cognitive scope. Does
the motivational intensity of the negative affective state influ-
ence cognitive scope? Some past research on depression suggested
that low intensity negative affect causes broadening (von Hecker
and Meiser, 2005). We examined whether negative affects vary-
ing in motivational intensity influence cognitive scope (Gable
and Harmon-Jones, 2010c). Low motivationally intense nega-
tive affect was created with pictures of sad events, whereas high
motivationally intense negative affect was created with pictures
of disgusting events. Both types of pictures evoked greater self-
reported negative affect than neutral pictures did. However, sad
pictures evoked lower self-reported arousal than disgust pictures.
This suggests that the disgust pictures evoked greater motiva-
tional intensity than the sadness pictures. Conceptually consistent
with the positive affect results, sad pictures broadened attention,
whereas disgust pictures narrowed attention relative to neutral
pictures (measured with the Navon, 1977, task).

In contrast to the above results, past studies suggest different
outcomes for sadness. Gasper and Clore (2002) had partici-
pants write about “a personal life event that had made them feel
either ‘happy and positive’ or ‘sad and negative”” In Study 1, the
manipulation check was similarly worded. In Study 2, the same
manipulation was used and negative affect was measured with
a wide array of negative emotion words. Gasper and Clore aver-
aged all of these words together, suggesting that the affective state
manipulated was a mix of negative states and not sadness alone.
Rowe et al. (2007) found no differences between a neutral state
and a sad state on attentional narrowing. We suggest that the
effect of sadness on attentional scope may depend on whether
the sadness evoked is lower or higher in motivational intensity;
the latter may occur when sadness is mixed with other negative
affects. Research is needed to test this idea.

These results suggest the need for a concept that explains how
certain positive (e.g., desire) and negative (e.g., disgust) affects
cause narrowing, whereas other positive (e.g., amusement) and
negative (e.g., sadness) affects cause broadening. We suggest that
the concept of motivational intensity explains these effects: low
motivationally intense affects broaden cognitive scope whereas
high motivationally intense affects narrow cognitive scope.

AFFECTIVE STATES, AROUSAL, AND MOTIVATIONAL
INTENSITY

Does arousal rather than motivational intensity better explain
how these different affective states influence cognitive scope? If
arousal is the same as motivational intensity, as some have posited
(Bradley and Lang, 2007), then the arousal explanation is the
same as the motivational intensity explanation.

On the other hand, arousal and motivational intensity may
occasionally be separate constructs. Humor evokes an arous-
ing state that is low in approach motivational intensity: humor
does not urge action toward something. Humorous films cause
more attentional broadening than neutral films (Fredrickson and
Branigan, 2005; Gable and Harmon-Jones, 2008), thus suggesting
that arousal per se cannot account for the effect of high approach
positive affective states on attentional narrowing.

We recently tested another instance where arousal and motiva-
tional intensity are separable. That is, arousal can be prompted
by physical exercise but this state is not necessarily associated
with motivational intensity (Gable and Harmon-Jones, under
review). In this experiment, participants were randomly assigned
to pedal a stationary bike or not while performing the appet-
itive vs. neutral picture/attentional scope task (Navon, 1977).
Individuals who pedaled had faster heart rates than individu-
als who did not. More importantly, manipulated arousal had
no effect on attentional scope. These results suggest that moti-
vational intensity, rather than arousal per se, causes attentional
narrowing.

THE EFFECT OF COGNITIVE SCOPE ON MOTIVATIONAL
INTENSITY

Several experiments have revealed that affective states differ-
ing in motivational intensity influence attentional scope. Does
attentional scope influence motivational intensity? Focusing nar-
rowly on a motivationally significant object may increase moti-
vation for the object, whereas considering the same object
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from a broader perspective may decrease motivation for the
object.

We have tested this hypothesis in two experiments with appet-
itive and aversive stimuli. In these tests, we examined motiva-
tional processing by measuring ERPs to appetitive and neutral
pictures. We focused on the N1 component, an early ERP compo-
nent related to selective attention that is larger to motivati