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a b s t r a c t

Selective attention is not a unitary construct, but is composed of several processes. Attention selection
may be guided by low-level stimulus properties, by the emotional value of the stimulus, or more volun-
tarily by the goals and plans of the observer. Whether these three systems operate independently during
attention selection or not remains a debated question. We report results from two studies investigat-
ing the extent to which these different attention mechanisms may interact with one another. Using a
standard dot probe paradigm wherein effects of exogenous, emotional, and endogenous attention were
orthogonally manipulated, we found attentional facilitation effects for each component, indicated by
motion
xogenous
ndogenous
ot probe
EG

faster decision times for validly, as opposed to invalidly cued targets. Moreover, results confirmed that
these three attentional effects added up in a linear fashion. Complementing ERP results allowed us to dis-
entangle the respective contributions of the two reflexive, bottom-up attention processes (exogenous vs.
emotional) by showing non-overlapping temporal loci for attentional effects related either to low-level
physical properties or the emotional content of the stimulus. These findings suggest that multiple sepa-
rate attention mechanisms can operate simultaneously to yield a rapid and efficient visual processing of

ally r
various classes of potenti

. Introduction

Due to the capacity limits of the human brain (Duncan, 1980;
arois & Ivanoff, 2005), not all incoming environmental stimula-

ion can be processed in parallel and evaluated thoroughly. To allow
or a rapid and efficient analysis of behaviorally important infor-

ation in the environment, dedicated attention systems therefore
erve to select a subset of all possible stimuli for more in-depth
rocessing and preferential access to conscious awareness (Driver,
001). Attentional selection is guided by stimulus-related as well
s by observer-dependent effects. Therefore, attention selection
s not a unitary construct, but distinct functional subprocesses
elated to different selection criteria have been put forward, and
Please cite this article in press as: Brosch, T., et al. Additive effects of emot
physiological evidence. Neuropsychologia (2011), doi:10.1016/j.neuropsych

heir respective properties and contributions to attentional selec-
ion mechanisms have been isolated using both behavioral and
rain-imaging methods.
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Exogenous attention refers to effects driven by the intrin-
sic low-level salience of sensory inputs (Egeth & Yantis, 1997;
Theeuwes, 1991; Wolfe & Horowitz, 2004). Low-level physical
properties (such as stimulus intensity, color, or size) may trigger
an involuntary, stimulus-driven, bottom-up attention process. By
contrast, endogenous attention refers to a voluntary top-down pro-
cess, initiated by internal states and conscious expectations for
a specific object or location (Desimone & Duncan, 1995; Posner,
Snyder, & Davidson, 1980). This process selects stimuli important
to the current behavior and goals of the organism. According to a
recent neuro-cognitive model of attention, both endogenous and
exogenous attention primarily implicate fronto-parietal networks
of cortical regions (Corbetta, Patel, & Shulman, 2008; Corbetta &
Shulman, 2002; see also Peelen, Heslenfeld, & Theeuwes, 2004),
with endogenous attention control being exerted by interactions of
dorsal regions such as the intraparietal sulcus (IPS) and the frontal
eye fields (FEF), and exogenous reorienting of the attentional focus
ional, endogenous, and exogenous attention: Behavioral and electro-
ologia.2011.02.056

mediated by more ventral regions in the right hemisphere such as
the right ventral frontal cortex (VFC) and temporo-parietal junction
(TPJ).

In addition to endogenous and exogenous attention mech-
anisms, a large body of neuroimaging and behavioral research

dx.doi.org/10.1016/j.neuropsychologia.2011.02.056
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uggests that the emotional relevance of a stimulus can also con-
titute an important feature influencing selection by attention
Compton, 2003; Lang, Bradley, & Cuthbert, 1997; Vuilleumier,
005; Williams & Gordon, 2007). Unlike endogenous processes,
his mechanism operates without conscious control, but unlike
xogenous processes, it is often modulated by internal affective
tates such as state or trait anxiety (e.g., Bishop, Duncan, Brett,
Lawrence, 2004; Bishop, Jenkins, & Lawrence, 2007; Fox, Russo,

owles, & Dutton, 2001). Various emotional stimuli such as angry
acial expressions, snakes, babies or emotionally arousing words
ave been found to be processed preferentially and to modulate
ttention brain mechanisms (see, e.g., Brosch, Sander, Pourtois, &
cherer, 2008; Öhman, Flykt, & Esteves, 2001). It has been suggested
hat dedicated neural circuits might subserve this form of emo-
ional attention (Vuilleumier, 2005; Vuilleumier & Brosch, 2009). In
his model, the amygdala, a limbic region critically involved in the
rocessing of emotional information (LeDoux, 2000) is thought to
lay a critical role by modulating the processing of incoming sen-
ory stimuli through direct feedback projections to visual cortex
Amaral, Behniea, & Kelly, 2003) and biasing signals to fronto-
arietal attention regions (Pourtois, Thut, Grave de Peralta, Michel,
Vuilleumier, 2005).
The interplay of emotional attention with other attentional

echanisms has recently generated a bulk of studies and
ebates in affective neuroscience (Pessoa, 2005; Vuilleumier, 2005;
uilleumier & Driver, 2007). Several studies have demonstrated
arallel and additive influences of emotional stimulus content and
ndogenous attention allocation on the brain responses toward
stimulus. For example, by manipulating both factors orthogo-

ally in fMRI studies, it was found that the neural response to
aces in face-sensitive regions of the visual cortex (Vuilleumier,
rmony, Driver, & Dolan, 2001) and to voices in voice-sensitive
reas of the auditory cortex (Grandjean et al., 2005) was modu-
ated by each factor independently, and that amygdala activation
y stimulus emotionality was unaffected by endogenous attention
Sander et al., 2005; Vuilleumier et al., 2001), consistent with the
resumed role of the amygdala in driving emotional enhancement
see also Vuilleumier, Richardson, Armony, Driver, & Dolan, 2004).
ikewise, additive effects of emotional and endogenous attention
ave been demonstrated with event-related potentials (ERPs) to
omplex emotional scenes presented at attended or unattended
ocations in visual hemifields (Keil, Moratti, Sabatinelli, Bradley,

Lang, 2005; see also Pourtois, Spinelli, Seeck, & Vuilleumier,
010). Other studies have reported conflicting results, finding that
he influence of emotional distractors on attentional competition
epends on the availability of endogenous attention capacities (e.g.,
essoa, McKenna, Gutierrez, & Ungerleider, 2002; Silvert et al.,
007), and that directing attention away from emotional stimuli
ay reduce amygdala responses in tasks in which attentional load

s particularly high (Pessoa, Padmala, & Morland, 2005; Silvert et al.,
007), thus possibly also reducing the impact of emotion on per-
eptual processing.

So far, mainly the interplay of emotional and endogenous atten-
ion has been investigated (e.g., Pessoa et al., 2002; Vuilleumier
t al., 2001), whereas the relation between emotional and exoge-
ous attention has generally been overlooked. Conceptually,
motional attention and exogenous attention may appear more
imilar to each other than they are to endogenous attention, as
oth are presumably reflexive processes operating independently
f current voluntary goals. Accordingly, one might hypothesize that
common attention system might drive the reflexive prioritiza-
Please cite this article in press as: Brosch, T., et al. Additive effects of emot
physiological evidence. Neuropsychologia (2011), doi:10.1016/j.neuropsych

ion of both physically salient and emotionally salient stimuli. On
he other hand, emotional attention has been suggested to rely on
pecialized neural circuitry involving the amygdala (Vuilleumier,
005), and is modulated by internal affective states (Bishop, 2007;
ox et al., 2001). Based on this evidence, one might predict that
 PRESS
gia xxx (2011) xxx–xxx

emotional and exogenous attention reflect different sources of
modulations on sensory processing that operate independently
of one another. However, there is not much empirical research
addressing this issue. To our knowledge, only one previous behav-
ioral study tackled a related question (Tipples & Sharma, 2000),
showing that exogenous attention orienting was not affected by
the emotional value of centrally presented pictures.

In the current set of studies, we investigated the interplay of
emotional, exogenous, and endogenous attention at the behavioral
and neural level. We used variants of the dot probe task (MacLeod,
Mathews, & Tata, 1986), a standard task for the measurement of
emotional attention. In this task (see Fig. 1), participants usually
respond to the presentation of a unilateral target, which is preceded
by a pair of stimuli, one of them being emotional, the other being
neutral. If the target appears at the location previously occupied by
the emotional stimulus (valid trials), participants typically show
better perception and faster detection of the target stimuli (Brosch,
Sander, & Scherer, 2007; Phelps, Ling, & Carrasco, 2006; Pourtois,
Grandjean, Sander, & Vuilleumier, 2004). Such findings are con-
sistent with a reflexive orienting induced by emotional attention,
although they may also be explained in terms of a more prolonged
disengagement from the emotional stimulus in invalid trials (Fox,
Russo, & Dutton, 2002). In our study, we modified this standard task
by including additional manipulations of exogenous (Experiments
1 and 2) and endogenous (Experiment 1) attention.

2. Experiment 1

In Experiment 1, we combined an emotional attention manip-
ulation with an orthogonal manipulation of exogenous spatial
attention, triggered by a sudden and non-predictive bright flash
(Berger, Henik, & Rafal, 2005), and a concurrent orthogonal manip-
ulation of endogenous attention, triggered by an arrow presented
at fixation (Posner et al., 1980, see Fig. 1). In exogenous valid trials,
the target appeared at the location of the bright flash. In endoge-
nous valid trials, the arrow pointed to the location where the target
appeared in most of the trials (70% in our paradigm). Endoge-
nous spatial orienting was thus based on the symbolic meaning
of the arrow and its predictive value (Jonides, 1981; Theeuwes,
1991). Importantly, previous work has suggested that the differ-
ent attention components have different time courses. Shifts of
exogenous attention have typically been reported with a stimulus
onset asynchrony (SOA) not exceeding 50–100 ms, whereas shifts
of endogenous attention have a longer onset and yield maximal
facilitation effects at SOAs between 400 and 800 ms (Shepherd &
Muller, 1989). Shifts of emotional attention have been observed
with SOAs ranging from 14 to 500 ms (Bradley, Mogg, & Millar,
2000; Mogg & Bradley, 1999). Thus we used two different SOAs
(a short one – 100 ms, and a much longer one – 800 ms) to tem-
porally disentangle these different subcomponents. Furthermore,
we introduced the endogenous cueing manipulation earlier during
the trial sequence than the two other manipulations, to provide
sufficient time for the unfolding of the voluntary attention shift
even with the short SOA (see Fig. 1 and Section 2.1). We surmised
that effects of emotional and exogenous attention should predom-
inantly occur with the short SOA, whereas effects of endogenous
attention should be observed at the short and long SOAs.

2.1. Methods
ional, endogenous, and exogenous attention: Behavioral and electro-
ologia.2011.02.056

2.1.1. Participants
Thirty-four University of Geneva students (28 females, mean age 22.7 years) par-

ticipated in the experiment for course credit. All participants were right-handed, had
normal or corrected-to-normal vision, and no history of psychiatric or neurological
diseases.

dx.doi.org/10.1016/j.neuropsychologia.2011.02.056
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Fig. 1. Experimental

.1.2. Procedure and data analysis
The experiment consisted of one practice block of 10 trials, followed by four

xperimental blocks of 220 trials each. A fixation cross was presented continuously
t the center of the screen. During each trial, two thin frames were shown on the
creen continuously, one in the left and one in the right visual field (LVF and RVF,
espectively). The frames were 7 cm × 10 cm on the screen and presented with 15 cm
etween fixation cross and image center. Participants were seated in front of the
creen at a viewing distance of 100 cm, resulting in a visual angle of 8.5◦ between
he fixation cross and the center of the frame. Each trial started with the fixation cross
nly presented for a random interval between 750 and 1250 ms. Then the endoge-
ous attention cue, consisting of a centrally presented arrow (at the position of the
xation cross) pointing to the left or the right, was presented for 200 ms, followed
gain by the fixation cross for 300 ms. Next the emotional attention and exogenous
ttention cues were presented together briefly (50 ms) to avoid any systematic eye
ovement. Exogenous attention was manipulated by transient thickening of the

rame in either the LVF or RVF, which was perceived as a bright flash in the periph-
ry on one side, as done in other standard cognitive paradigms (Berger et al., 2005).
motional attention was manipulated by presenting an emotional (fearful) face in
ne frame and a neutral face in the other frame, as done in previous emotional
ueing paradigms (Pourtois et al., 2004). Following offset of the face pair and the
xogenous visual change, the fixation cross was presented for either 50 or 750 ms,
hus introducing a SOA with respect to the cues for emotional and exogenous atten-
ion of either 100 ms (short SOA) or 800 ms (long SOA). Following this variable time
nterval, the target, a small rectangle, appeared for 100 ms in one of the frames, in
ither the left or the right visual field. Participants were instructed to press “b” on
he response keyboard using the index finger of their right hand as fast as possible
hen they detected the target. Participants had a maximum of 1500 ms to respond,

fter which the next trial started. The three attention cueing manipulations were
rthogonal. Half of the trials were valid with regards to emotional and exogenous
ttention, whereas 70% of the trials were valid with regards to endogenous attention.
e also introduced two kinds of catch trials to prevent participants from developing

esponse strategies: in 5% of the trials no target was presented, and thus no response
equired; whereas in another 5% the fixation cross changed to an “X”, instructing
articipants to press the “X” key instead of the “b” key.

Data from one female subject had to be excluded from the analysis due to
xtremely high error rates in the experimental trials (29.6%, whereas mean error
ate for all subjects was 3%). We analyzed all response times (RTs, computed from
arget onset) within three standard deviations around the individual mean for cor-
ectly detected targets in a repeated-measure ANOVA with the factors emotional
ttention (valid/invalid) × endogenous attention (valid/invalid) × exogenous atten-
ion (valid/invalid) × target hemifield (left/right) × SOA (short/long). Participants
enerally made very few errors in this task (mean 2.8% for the experimental trials,
ean 10.9% for the catch trials), thus we did not analyze the errors. Next, we carried

ut planned comparisons to further assess the individual validity effects for emo-
ional, endogenous, and exogenous attention, separately for the short and long SOAs.
ased on our a priori hypotheses, we also performed two separate four-factorial
NOVAs for trials with short and long SOAs, respectively.
Please cite this article in press as: Brosch, T., et al. Additive effects of emot
physiological evidence. Neuropsychologia (2011), doi:10.1016/j.neuropsych

.2. Results

.2.1. Overall ANOVA
As expected, the overall ANOVA revealed faster responses

n emotional valid trials (388 ms) than emotional invalid trials
nce of Experiment 1.

(391 ms), main effect emotional attention, F(1, 32) = 4.18, p = .013,
partial �2 = .19. This effect was mainly driven by targets presented
to the right hemifield (right hemifield, emotional valid: 374 ms;
right hemifield, emotional invalid: 380 ms; left hemifield, emo-
tional valid: 402 ms; left hemifield, emotional invalid: 402 ms), as
indicated by the interaction emotional attention × target hemifield,
F(1, 32) = 4.85, p = .035, partial �2 = .13. The analysis also revealed
faster responses in endogenous valid trials (387 ms) than endoge-
nous invalid trials (392 ms), main effect endogenous attention, F(1,
32) = 20.55, p < .001, partial �2 = .39. Furthermore, responses were
faster in exogenous valid trials (388 ms) than in exogenous invalid
trials (391 ms), main effect exogenous attention, F(1, 32) = 4.10,
p = .051, partial �2 = .11. Responses were generally faster to targets
appearing in the right visual field (377 ms) than targets appearing
in the left visual field (402 ms), as shown by a main effect tar-
get hemifield, F(1, 32) = 104.04, p < .001, partial �2 = .77. Responses
were also faster in long SOA trials (377 ms) than short SOA trials
(402 ms), main effect SOA, F(1, 32) = 29.50, p < .001, partial �2 = .48.
This difference was more pronounced for targets appearing in the
right visual field than for targets appearing in the left visual field, as
indicated by the interaction target hemifield × SOA, F(1, 32) = 15.84,
p < .001, partial �2 = .33. No other two-way or three-way interaction
terms reached statistical significance. Planned comparisons (one-
tailed t-tests) confirmed a significant validity effect for each of the
three attentional manipulations with the short SOA, but only for
endogenous attention with the long SOA [short SOA: emotional
attention: t(32) = 2.41, p = .011, endogenous attention: t(32) = 3.75,
p < .001, exogenous attention: t(32) = 1.94, p = .030; long SOA: emo-
tional attention: t(32) < 1, ns, endogenous attention: t(32) = 2.08,
p = .023, exogenous attention: t(32) < 1, ns, all tests one-tailed].

2.2.2. Short SOA condition
Confirming the results of the planned comparisons, in the short

SOA condition, responses were faster in emotional valid trials
(400 ms) than emotional invalid trials (405 ms), main effect emo-
tional attention, F(1, 32) = 5.84, p = .02, partial �2 = .15; marginally
faster in exogenous valid trials (401 ms) than exogenous invalid
trials (404 ms), main effect exogenous attention, F(1, 32) = 3.76,
p = .061, partial �2 = .11; and also faster in endogenous valid tri-
ional, endogenous, and exogenous attention: Behavioral and electro-
ologia.2011.02.056

als (399 ms) than endogenous invalid trials (406 ms), main effect
endogenous attention, F(1, 32) = 14.10, p = .001, partial �2 = .31.

Remarkably, the three attention manipulations were additive,
as illustrated in Fig. 2. The decrease in response time as a func-
tion of the number of concomitant valid/invalid cues was linear, as

dx.doi.org/10.1016/j.neuropsychologia.2011.02.056
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Fig. 2. Linear additive effects of emotional, exogenous, and endogenous attention
manipulations. Response times are plotted in milliseconds (with S.E.) for targets that
were (a) invalidly cued by all three attention manipulations, (b) invalidly cued by
two attention manipulations (but validly cued by one manipulation, either exoge-
nous, endogenous, or emotional), (c) invalidly cued by one attention manipulation
and validly cued by two attention manipulations, and (d) validly cued by all three
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ttention manipulations in trials with short SOA. Response times decreased with
ncreasing valid cues. The decrease in response time as a function of the number of
oncomitant valid cues was linear, as revealed by a linear contrast, F(1, 32) = 22.49,
< .001.

evealed by a linear contrast, F(1, 32) = 22.49, p < .001. Furthermore,
esponses were again faster toward targets presented to the right
isual field (392 ms) than the left visual field (413 ms), main effect
arget hemifield, F(1, 32) = 65.71, p < .001, partial �2 = .67.

.2.3. Long SOA condition
In the long SOA condition we still found faster RTs in endoge-

ous valid trials (374 ms) than endogenous invalid trials (378 ms),
ain effect endogenous attention, F(1, 32) = 4.31, p = .046, partial

2 = .12. By contrast, neither the emotional attention manipula-
ion (invalid: 377 ms, valid: 376 ms, F < 1, ns) nor the exogenous
ttention manipulation (invalid: 377 ms, valid: 376 ms, F < 1, ns)
eached significance. Furthermore, responses were again generally
aster toward targets presented to the right visual field (361 ms)
han toward targets presented to the left visual field (392 ms), main
ffect target hemifield, F(1, 32) = 97.97, p < .001, partial �2 = .75.

.3. Discussion of Experiment 1

Results of our first experiment showed response facilitations
or valid compared to invalid trials for all three attention manip-
lations, demonstrating that the allocation of attention can be
imultaneously influenced by voluntary goals, low-level phys-
cal stimulus properties, and emotional stimulus content. The
acilitation effects of emotional and exogenous attention were cir-
umscribed to the short SOA (100 ms), consistent with their rapid
nd reflexive nature, whereas effects of endogenous attention were
till present at a longer SOA (800 ms). In the short SOA condition,
he validity effects of different cues added up in a linear fashion (as
onfirmed by a significant linear effect, see Fig. 2), consistent with
he assumption of an additive effect of exogenous, endogenous, and
motional attention.

. Experiment 2

In the first study, we investigated the interplay of emotional,
ndogenous, and exogenous attention, showing that all three
Please cite this article in press as: Brosch, T., et al. Additive effects of emot
physiological evidence. Neuropsychologia (2011), doi:10.1016/j.neuropsych

ttentional subcomponents can operate concurrently. As outlined
reviously, these different subcomponents may exert their effects
ia different neural processes, with converging influences on visual
erception. Previous neuroimaging work has focused on the rela-
ionship of emotional and endogenous attention mechanisms (e.g.,
 PRESS
gia xxx (2011) xxx–xxx

Pessoa, 2005; Pourtois et al., 2010; Silvert et al., 2007; Vuilleumier
et al., 2001). To investigate the interplay between the two bottom-
up reflexive subcomponents emotional and exogenous attention
at the neural level, we recorded ERPs to continuously track neu-
ral activity during a dot probe task combining manipulations of
emotional and exogenous attention. This allowed us to disentangle
neural responses related to the different attention manipulations
and to different time-windows during a trial. In a typical trial of
the dot probe task, the onset of a cue stimulus triggers a rapid shift
of attention, which then leads to facilitated processing of a tar-
get stimulus if it appears at the validly cued location. The initial
rapid attention shift elicited by the cue can be quantified using the
N2pc component (Eimer, 1996). The N2pc component reflects shifts
of spatial attention related to the selection of lateralized stimuli
appearing in the left or right visual field. It is elicited at poste-
rior electrodes between 180 and 300 ms after stimulus onset in
the hemisphere contralateral to the attended stimulus (Holmes,
Bradley, Nielsen, & Mogg, 2009; Luck & Hillyard, 1994; Woodman
& Luck, 1999). Once attention has been drawn to a location, it
increases the perceptual processing of target stimuli appearing at
this location. At the neural level, attention enhances the ampli-
tude of the P1 component elicited by an attended stimulus (Luck,
Woodman, & Vogel, 2000). Amplitude modulation of the P1 as a
function of the deployment of visuospatial attention is thought to
reflect an increase of sensory gain in visual cortex (Hillyard, Vogel,
& Luck, 1998; Pourtois et al., 2004). By jointly analyzing the N2pc
component time-locked to cue stimulus onset and the P1 compo-
nent time-locked to target stimulus onset, we were able to track
and disentangle the effects of emotional and exogenous attention
during the entire time-course of a dot probe trial – including very
rapid effects reflecting the initial attention capture (N2pc), and sub-
sequent effects reflecting the perceptual facilitation (P1) of target
processing, appearing at a later point in time.

3.1. Methods

3.1.1. Participants
Eighteen University of Geneva students (11 females, mean age 22.3 years) par-

ticipated in the EEG experiment. Twelve others (8 females, mean age 22.0 years)
participated in a behavioral control experiment. All participants were right-handed,
had normal or corrected-to-normal vision, and no history of psychiatric or neuro-
logical diseases.

3.1.2. Procedure
The experiment was similar to Experiment 1, but did not include manipulations

of endogenous attention (see Fig. 3). The main experiment consisted of one practice
block of 8 trials, followed by two experimental blocks with 960 trials in total. A
fixation cross was presented for 500 ms. Then, both the emotional and exogenous
cue were simultaneously shown for 100 ms. Following offset of the cue, the fixation
cross was presented randomly for 100, 150, 200, 250, or 300 ms. Then the target, a
small bar-probe appeared for 150 ms at the center of one of the two frames, oriented
either vertically or horizontally. In emotional valid trials, the target appeared at the
location of the emotional face; in exogenous valid trials, the target appeared inside
the frame whose size (and thus luminance) had increased. The two attention cueing
manipulations were orthogonal, with 50% of the trials being valid with regards to
emotional and exogenous attention, respectively. Participants were asked to judge
target orientation as quickly as possible. On each trial, the thickness of one segment
within the cross (either the horizontal or vertical line) was slightly increased (from
0.1 to 0.4 cm) at the time of the probe onset. Participants were instructed to press
the button of the response box using the index finger of their right hand, only when
orientation of the target bar matched that of the thicker segment of the fixation cross.
The orientation of the thick line at fixation varied from trial to trial and matched that
of the bar (50% horizontal and 50% vertical) in the periphery in 10% of the cases. Only
matching trials required a button press. We designed a small number of trials that
required a motor response (10%) to study covert spatial orienting toward emotional
stimuli in the vast majority of trials without overt motor response (90%), therefore
minimizing the contamination of motor preparation or execution on EEG signal
ional, endogenous, and exogenous attention: Behavioral and electro-
ologia.2011.02.056

quality (see Pourtois et al., 2004 for a similar procedure).
We also conducted an additional behavioral control experiment using a target

detection task, where participants were instructed to indicate whether the target
appeared in the LVF or the RVF, thus increasing the proportion of manual responses
from 10% to 100% in order to collect enough responses for statistical analyses of the
response times.

dx.doi.org/10.1016/j.neuropsychologia.2011.02.056
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Fig. 3. Experimental

.1.3. EEG recordings
EEG was recorded and processed using a Neuroscan 64 channel device

Synamps). Horizontal and vertical EOGs were monitored using four facial bipolar
lectrodes placed on the outer canthi of the eyes and in the inferior and supe-
ior areas of the left orbit. Scalp EEG was recorded from 62 Ag/AgCl electrodes
ounted in a quickcap (extended 10-20 System) with a linked-mastoids refer-

nce, amplified with a gain of 30 kHZ and bandpass filtered at 0.01–100 Hz with
50 Hz notch filter. Impedance was kept below 5 k�. EEG and EOG were con-

inuously acquired at a rate of 500 Hz and stored for off-line averaging. EEG was
orrected for eye blinks by the subtraction of PCA-transformed EOG components
or each electrode, weighted according to VEOG propagation factors. After removal
f EEG artifacts (epochs with EEG exceeding ±75 �V were excluded from the aver-
ging), data were segmented around cue onsets (from −100 ms to +700 ms) and
arget onsets (from −100 ms to +500 ms). Baseline correction was performed on
he 100-ms prestimulus interval. Data were low-pass filtered at 30 Hz. Artifact-
ree epochs were averaged separately for each electrode, condition, and individual.
ad channels were interpolated using spherical splines. Grand average ERPs were
enerated by computing mean ERPs across subjects in each condition. Data from
wo female participants were excluded due to poor quality of electrophysiological
ecordings.

.1.4. Data analysis

.1.4.1. Behavioral control experiment. We analyzed response times (RTs, com-
uted from target onset) within three standard deviations around the individual
ean for correctly detected targets in a repeated-measure ANOVA with the factors

motional attention (valid/invalid) × exogenous attention (valid/invalid) × target
emifield (left/right).

.1.4.2. EEG experiment. Based on our a priori hypotheses and the previous lit-
rature, we analyzed the N2pc component time-locked to cue onset and the
1 component time-locked to target onset, for the valid and invalid conditions
f the emotional attention and exogenous attention conditions, respectively.
2pc amplitudes and P1 amplitudes and peak latencies were measured at lat-
ral parietal and parieto-occipital sites, where amplitudes for the components
ere maximal (P7/P8 for N2pc, PO7/PO8 for P1, see Figs. 2 and 3). These

ites were selected based on related effects in previous ERP studies (Brosch
t al., 2008; Di Russo, Martinez, & Hillyard, 2003; Holmes et al., 2009; Pourtois
t al., 2004) and conspicuous topographic properties of the present ERP data
et. Mean amplitudes of the N2pc component (averaged across a time window
rom 180 to 300 ms post cue onset) were analyzed using a 2 × 2 × 2-ANOVA
ith the repeated factors emotional attention (ipsilateral/contralateral), exogenous
Please cite this article in press as: Brosch, T., et al. Additive effects of emot
physiological evidence. Neuropsychologia (2011), doi:10.1016/j.neuropsych

ttention (ipsilateral/contralateral), and electrode position (P7/P8). Peak ampli-
udes and latencies of the P1 component (measured during a time window
rom 80 to 180 ms post target onset) were analyzed using a 2 × 2 × 2 × 2-
NOVA with the repeated factors emotional attention (valid/invalid), exogenous
ttention (valid/invalid), target hemifield (left/right), and electrode position
PO7/PO8).
nce of Experiment 2.

3.2. Results

3.2.1. Behavioral performance in the control experiment
The ANOVA revealed faster responses in emotional valid

(340 ms) than invalid (344 ms) trials, main effect emotional atten-
tion, F(1, 11) = 10.68, p = .007, partial �2 = .49; and also faster
responses in exogenous valid (334 ms) than invalid (350 ms) trials,
main effect exogenous attention, F(1, 11) = 11.69, p = .006, partial
�2 = .52. No other main effects or interactions reached statistical
significance.

3.2.2. N2pc component
Fig. 4A shows ERPs time-locked to cue onset at electrodes P7/P8,

located either ipsilateral (black) or contralateral (red) to the loca-
tion of the exogenous cue (i.e., the black line reflects the average of
electrode P7 [left hemisphere] when the exogenous cue was pre-
sented to the LVF and of electrode P8 [right hemisphere] when the
cue was presented to the RVF). Fig. 4B shows ERPs time-locked to
cue onset at electrodes P7/P8 located either ipsilateral (black) or
contralateral (red) to the emotional cue locations.

As can be seen in Fig. 4A, an enhanced negativity appeared on the
scalp contralateral to the exogenous cues, reflecting a shift of atten-
tion toward the exogenous cue. ANOVA confirmed that the mean
amplitude of the N2pc (180–300 ms) was significantly more neg-
ative at electrodes contralateral to the exogenous cue (−2.27 �V)
than at electrodes ipsilateral to the exogenous cue (−1.87 �V), main
effect exogenous attention, F(1, 15) = 7.42, p = .017, partial �2 = .33.
No such difference was observed as a function of the emotional
cues (contralateral electrodes: −2.12 �V; ipsilateral electrodes:
−2.01 �V, F(1, 15) = 0.54, ns). No other main effects or interactions
reached statistical significance.

3.2.3. P1 component
Fig. 5A shows ERPs time-locked to target stimulus onset in

exogenous invalid (black) and exogenous valid (red) trials, Fig. 5B
ional, endogenous, and exogenous attention: Behavioral and electro-
ologia.2011.02.056

shows ERPs time-locked to target stimulus onset in emotional
invalid (black) and emotional valid (red) trials at electrode PO8.
ANOVA revealed that the amplitude of the P1 component was larger
for targets that had been validly cued by the emotional stimulus
(3.35 �V) than for targets invalidly cued by the emotional stimulus

dx.doi.org/10.1016/j.neuropsychologia.2011.02.056
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Fig. 4. N2pc component time-locked to the onset of the cue stimulus. (A) Enhanced
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Fig. 5. P1 component time-locked to the onset of the target stimulus. (A) No modu-
2pc component at electrodes contralateral to the exogenous attention cue reflect-
ng a rapid initial attention shift toward the exogenous cue. (B) In contrast, no

odulation of the N2pc component by the emotional attention cue was observed.

3.09 �V), main effect emotional attention, F(1, 15) = 6.12, p = .025,
artial �2 = .29, reflecting an increase of sensory gain in visual cortex
or targets following an emotional cue stimulus. No such differ-
nce was observed as a function of the exogenous cues (valid trials:
.2 �V; invalid trials: 3.2 �V, F(1, 15) = 0.25, ns).

Furthermore, P1 amplitudes were larger to targets presented
o the left hemifield (3.5 �V) than to the right hemifield (2.9 �V),

ain effect target hemifield, F(1, 15) = 13.48, p = .002 partial �2 = .47,
ainly driven by the right cerebral hemisphere (PO7 target left:

.95 �V, PO7 target right: 2.83 �V, PO8 target left: 4.11 �V, PO8 tar-
et right: 3.0 �V, interaction target hemifield × electrode position,
(1, 15) = 22.90, p < .001, partial �2 = .60).

With regards to the latencies of the peak of the P1 compo-
ent, an interaction of target hemifield × electrode position, F(1,
5) = 6.0, p = .027, partial �2 = .29, reflected that the P1 peaked ear-

ier at electrodes contralateral to the target hemifield (PO7 target
eft hemifield: 130 ms, PO7 target right hemifield: 124 ms, PO8 tar-
et left hemifield: 128 ms, PO8 target right hemifield: 140 ms). No
ther main effects or interactions reached statistical significance.

.3. Discussion of Experiment 2

The response time data revealed response facilitation in valid
ompared to invalid trials with respect to both the exogenous
ttention manipulation and the emotional attention manipulation,
Please cite this article in press as: Brosch, T., et al. Additive effects of emot
physiological evidence. Neuropsychologia (2011), doi:10.1016/j.neuropsych

eplicating our finding from Experiment 1. This indicates that both
he low-level physical properties of a stimulus and its emotional
alue influence the allocation of attention, even when these cues
re not predictive of target side (50% validity). However, the elec-
lation of target processing by the exogenous cue was observed at the level of the P1
component. (B) Enhanced P1 component elicited by targets that have been validly
cued by emotional stimuli reflecting an increase of sensory gain in visual cortex.

trophysiological data revealed a double dissociation with regards
to the ERP components and thus the temporal loci at which the
two attention manipulations presumably exerted their effects. The
exogenous attention cue led to an enhanced N2pc component at
contralateral electrodes, reflecting a rapid initial attentional cap-
ture by the luminance change, whereas the emotional attention
cue did not lead to a significant enhancement at the level of the
N2pc component. The opposite pattern was observed for the target-
locked P1 component. Targets that had been validly cued by an
emotional stimulus elicited a larger P1 than invalidly cued targets,
reflecting an increase of sensory gain in visual cortex for stimuli
appearing at the previous location of an emotional stimulus. In
contrast, the exogenous luminance cue did not lead to a significant
enhancement of the P1 component for the subsequent target. Taken
together, these results suggest that, while both low-level physical
properties of a stimulus and its emotional value influence the rapid
allocation of attention, two separate mechanisms may be operating
in parallel to increase neural processing of these different types of
behaviorally relevant stimuli. Effects of exogenous attention may
begin rapidly and primarily influence early stages of processing
ional, endogenous, and exogenous attention: Behavioral and electro-
ologia.2011.02.056

(fast attention orienting effect, see, e.g., Brignani, Guzzon, Marzi,
& Miniussi, 2009), but be more short-lived; whereas the effects
of emotional attention may be expressed at a slightly later onset
and mainly impact on the visual encoding of the subsequent target

dx.doi.org/10.1016/j.neuropsychologia.2011.02.056
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s a function of the preceding emotional information at the same
ocation (gain control effect, see Hillyard et al., 1998).

. General discussion

We report results from two studies investigating the interplay
f the attentional subcomponents related to emotional, endoge-
ous and exogenous orienting by orthogonally manipulating them

n a dot probe paradigm. In both experiments, we observed faster
ehavioral responses for target detection in valid than invalid con-
itions for each type of attentional manipulation, suggesting that
ultiple separate attention mechanisms can operate simultane-

usly on visual perception.
In addition, the neurophysiological data from Experiment 2

evealed a dissociation of the neural processes underlying the
ffects of exogenous and emotional attention. Selective effects of
xogenous attention were present at the level of the cue-locked
2pc component, which reflects attentional capture by a stimulus

here the abrupt change in luminance). In contrast, the emotional
alue of the cue mainly exerted an effect at the level of the target-
ocked P1 component, with targets following an emotional cue
liciting larger P1 amplitudes than targets following a neutral stim-
lus, thus reflecting an increase of sensory gain in visual cortex for
motionally cued stimuli. This gain increase may facilitate percep-
ual processing of subsequently appearing stimuli, as demonstrated
or example by increased contrast sensitivity following the presen-
ation of fearful faces (Phelps et al., 2006). The electrophysiological
issociation observed here suggests that, while both low-level
hysical properties of a stimulus and its emotional value influence
he allocation of attentional resources, two separate neural mecha-
isms may be active to bias perceptual processing toward different
spects of encountered stimuli.

The observed difference in the time course of the unfolding
f these attention subprocesses may potentially be related to the
ultiplicity and versatility of selection mechanisms operating on

onscious visual perception. Exogenous attention allocation can be
riggered by low-level physical stimulus intensity, which is directly
epresented by the initial strength of the neural activation, and
herefore does not need additional processing steps before atten-
ional prioritization can take place. The emotional relevance of a
timulus may be based on evolutionary prepared, strongly condi-
ioned or highly overlearned stimulus classes from the personal
earning history (Brosch, 2009). In any case, affective evaluation
f incoming stimuli results from the reactivation of stored repre-
entations, either via explicit knowledge or via implicit pathways
Brosch, Pourtois, & Sander, 2010). At the neural systems level, the
ffects of emotional attention in task such as the dot probe may
e implemented by the amygdala, which, once it has detected the
otential emotional relevance of a stimulus (Sander, Grafman, &
alla, 2003) will send biasing signals to early cortical visual and/or
ronto-parietal regions responsible for orienting and shifting atten-
ion in space, so that subsequent information arising at the same
ocation as emotional cues will also benefit from enhanced process-
ng resources (Pourtois, Schwartz, Seghier, Lazeyras, & Vuilleumier,
006). Thus, as the computation of emotional attention involves an
dditional processing step, emotional attention mechanisms may
eed more time than exogenous attention effects to exert an impact
n extrastriate visual cortex activations (which are likely underly-
ng the occipital ERP components recorded in this study).

The neural dissociation observed in our study may also reflect
Please cite this article in press as: Brosch, T., et al. Additive effects of emot
physiological evidence. Neuropsychologia (2011), doi:10.1016/j.neuropsych

ifferent modulatory effects that attention mechanisms could exert
n paradigms such as the dot probe task. These include atten-
ion capture, describing the rapid direction of attention toward a
timulus, and attention disengagement, referring to the prolonged
welling time on a stimulus before attention can “move on” to
 PRESS
gia xxx (2011) xxx–xxx 7

explore other stimuli (Weierich, Treat, & Hollingworth, 2008). Some
authors have claimed that the emotional attention effects in the
dot probe task are primarily related to the disengagement compo-
nent (Fox et al., 2002). In this task, rapid exogenous capture may
be reflected at the level of the cue N2pc, whereas an increased
dwelling time due to emotional attention may be reflected at the
level of the later target P1. Note also that RT difference between
conditions are unlikely to reflect a general slowing in the pres-
ence of emotional stimuli as this effect has been observed when
face cues are presented unilaterally (see Mogg, Holmes, Garner,
& Bradley, 2008), unlike our paradigm where fearful faces are
always accompanied simultaneously with a neutral cue on the
other side.

The selectivity of the exogenous and emotional attention mod-
ulation with regards to the ERP components seems however
to be specific to the current task which involves a concurrent
manipulation of exogenous and emotional attention. Some stud-
ies manipulating only one of the attention subcomponent have
observed effects of emotional attention at the level of the cue-
locked N2pc (see Holmes et al., 2009; note however that in their
study the emotional cue was presented for 500 ms, which is five
times longer than the presentation time of the current study).
Other studies found effects of exogenous attention at the level
of the target-locked P1 (e.g., Heinze, Luck, Mangun, & Hillyard,
1990). Thus, there may be some form of interaction or com-
petition between the different attention subcomponents when
manipulated concurrently, in that the effects of the different sub-
components become more temporally constrained, or differentially
apparent in the EEG recording.

Previous work supports the assumption that distinct atten-
tional subcomponents can operate independently under some
circumstances but interfere under others, depending on spe-
cific processing stages, task demands and sensory modalities. For
example, exogenous and endogenous attention can interact under
certain conditions (Berger et al., 2005; Yantis & Jonides, 1990),
and ERP studies have demonstrated both independent and inter-
acting effects of exogenous and endogenous attention, arising at
different time points (Hopfinger & West, 2006). Furthermore, neu-
ral responses to emotional stimuli are prolonged (e.g., >500 ms
post-onset) when endogenous attentional resources are available,
but briefer (e.g., <200 ms) when endogenous attention is diverted
by another concurrent task (Eimer & Holmes, 2007). Likewise,
although emotional stimuli may evoke reflexive and involuntary
processing under many conditions, this does not preclude that such
effects can be amplified or attenuated by factors such as anxiety
or attentional control capacity (Bishop et al., 2007). In addition,
experiments using crossmodal manipulations have demonstrated
interactions between emotional and exogenous attention in the
form of decreased P3 amplitude to auditory startle probes when
emotionally intense visual stimuli are presented concurrently
(Cuthbert, Schupp, Bradley, McManis, & Lang, 1998; Keil et al.,
2007). In animal work, crossmodal interactions between different
attention systems may even affect sensory processing at the level
of sensory transduction (e.g., in the cochlea, see Delano, Elgueda,
Hamame, & Robles, 2007). Altogether, these findings suggest that
the different attention systems may initially operate relatively
independently (i.e., not tap into each other’s resources), but may
compete and interact at later time points (e.g., at the level of the P3
component) or when different sensory modalities are integrated.
Ultimately, all attention subcomponents serve the optimization
of environmental information processing by selecting potentially
ional, endogenous, and exogenous attention: Behavioral and electro-
ologia.2011.02.056

relevant information for further cognitive processing. The demon-
stration that subcomponents can operate partially independently
does not undermine the need to eventually integrate their outputs,
as their combined influences may converge on common perceptual
and cognitive systems, allowing a selective enhancement of the

dx.doi.org/10.1016/j.neuropsychologia.2011.02.056
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eural representation of relevant information among competing
nputs.

Taken together, our findings suggest that parallel processes
perate to increase the neural processing of information concern-
ng voluntary goals and expectations, emotionally relevant events,
nd sudden changes in the physical stimulus properties, respec-
ively. Efficient systems for the rapid detection of various features
f potentially important stimuli provide adaptive mechanisms for
esponding to behaviorally relevant information in a multifarious
nvironment. Our findings support the hypothesis that emotional
ttention is mediated by neural systems being partly independent
f exogenous and endogenous attention (e.g., Lucas & Vuilleumier,
008). It has been proposed that emotional attention involves a spe-
ialized brain circuitry centered around the amygdala (Vuilleumier,
005), and thus should be at least partly separable from endoge-
ous and exogenous attention, which both primarily implicate

ronto-parietal networks of cortical regions (Corbetta & Shulman,
002). Our findings are thus consistent with this neuro-cognitive
odel.
Further research is needed to better delineate under which

ircumstances the attentional subcomponents do operate indepen-
ently or do interact, as well as to identify which neural pathways
nd which temporal sequences are involved. Specific task require-
ents, goals, or internal states might influence the extent to which

he systems operate independently. In order to further explore the
oncurrent processing of the different types of environmental and
nternal information, different tasks varying cognitive and effective
emands as well as stimulus characteristics should be employed

n both healthy participants and specific patient populations, and
ombination of EEG and fMRI should be used to establish the cor-
esponding neural correlates of these effects.
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