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Abstract
This event-related fMRI study examined the impact of processing load on the BOLD response to
emotional expressions. Participants were presented with composite stimuli consisting of neutral and
fearful faces upon which semi-transparent words were superimposed. This manipulation held
stimulus-driven features constant across multiple levels of processing load. Participants made either:
(1) gender discriminations based on the face; (2) case judgments based on the words; or (3) syllable
number judgments based on the words. A significant main effect for processing load was revealed
in prefrontal cortex, parietal cortex, visual processing areas, and amygdala. Critically, enhanced
activity in the amygdala and medial prefrontal cortex seen during gender discriminations was
significantly reduced during the linguistic task conditions. A connectivity analysis conducted to
investigate theories of cognitive modulation of emotion showed that activity in dorsolateral prefrontal
cortex was inversely related to activity in the ventromedial prefrontal cortex. Together, the data
suggest that the processing of task-irrelevant emotional information, like neutral information, is
subject to the effects of processing load and is under top-down control.

Introduction
Considerable benefits are afforded an organism that preferentially and rapidly processes
motivationally relevant stimuli appearing outside the focus of attention. The amygdala is
thought to play a critical role in this process (Anderson & Phelps, 2001;Ledoux,
1998;Vuilleumier et al., 2001). Imaging studies have shown increased correlated activity
between the amygdala and visual cortical areas (Morris, Ohman, & Dolan, 1999) including the
middle occipital areas, fusiform gyri, and superior temporal sulci (Pessoa, McKenna, Gutierrez,
& Ungerleider, 2002). In the auditory domain, enhanced activity in right amygdala and auditory
cortex to angry vocalization has been reported (Sander et al., 2005). Patients with amygdala
lesions fail to show enhanced attention to emotional stimuli presented in a rapid serial search
task (Anderson & Phelps, 2001). Furthermore, amygdala lesion severity is inversely related to
ipsilateral fusiform activity to fearful faces (Vuilleumier, Richardson, Armony, Driver, &
Dolan, 2004). Together, these data support the idea that the amygdala interacts with sensory
representation areas, increasing the “salience” of emotion-relevant representations (Anderson
& Phelps, 2001;Pessoa, 2005;Vuilleumier, 2005). However, the extent to which activation of
the amygdala itself occurs independent of the availability of attentional resources (i.e., the
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degree to which this activation is “automatic”), remains debated (Pessoa, 2005). It is also
unclear what factors might constrain emotional responding during attentionally demanding
tasks. Reduced emotional responding may arise not only because of innate limitations in
perceptual and cognitive processing capacities (i.e., emotional stimuli might not be perceived
because processing resources are unavailable), but also from executive attention mechanisms
that might bias attention towards non-emotional stimulus representations. To address these
questions, the present study used overlapping competing stimuli with a face-attended
processing condition, and two face-unattended task conditions with different levels of
processing load.

At present, there are two main views concerning the automaticity of emotional processing. One
perspective states that the “automatic” processing of emotional stimuli is subserved by the
amygdala regardless of the availability of attentional resources (Dolan & Vuilleumier, 2003).
In support of this position, imaging work shows significant amygdala activation in response
to unattended stimuli (Vuilleumier, 2001;Williams, McGlone, Abbott, & Mattingly, 2005).
Furthermore, studies have also shown that the amygdala responds to stimuli presented outside
of awareness (Morris, 1998;Morris, 1999;Whalen, 1998; but see also Pessoa, Japee, &
Ungerleider, 2005;Pessoa, Japee, Sturman, & Ungerleider, 2006). Support for automaticity has
also been inferred from lesion studies (Dolan & Vuilleumier, 2003). For example, studies report
that patients with lesions to primary visual cortex show increased amygdala activity to
emotional facial expressions (Morris et al., 2001;Pegna, Khateb, Lazeyras, & Seghier, 2004).
It is suggested that, at the neural level, automatic emotional processing is subserved by a direct
subcortical route through the superior colliculus and pulvinar to the amygdala (Morris, Ohman
& Dolan, 1998;Morris et al., 2001).

A second position suggests that processing emotional stimuli, like neutral stimuli, requires the
availability of attentional resources (Pessoa et al., 2002;Pessoa, Padmala, & Morland, 2005).
This position adopts the biased competition model of attention (Desimone & Duncan, 1995)
and Lavie's hypothesis regarding perceptual load (Lavie, 1995). According to the Desimone
and Duncan (1995) model, attention is the product of the competition for neural representation.
This competition is biased by both bottom-up sensory-driven mechanisms (e.g., visual
salience), and top-down influences generated outside of visual cortex (Desimone & Duncan,
1995). Perceptual load determines the extent to which irrelevant distracters are processed
(Lavie, 1995), and the degree to which representational features of a visual stimulus require
augmentation by top down influences for successful performance. As perceptual load increases,
priming of the representational features of the target visual stimulus will increase and, because
of stimulus competition, will lead to greater suppression of competing representations (cf.
Desimone & Duncan, 1995;Lavie, 1995). In the context of distracting emotional material,
greater executive control over behavior should lead to augmentation of task-relevant sensory
representations that will reduce the impact of distracters on behavior; conversely, reduction in
the efficacy of executive control or increased salience of emotional distracters will result in
stronger representation of distracting material at the expense of task-relevant representations
and performance (Mitchell, Richell, Leonard, & Blair, 2006). According to the view of Pessoa
and his colleagues (2002;2005), emotional expressions are not a “privileged” category of object
immune to the effects of attention, but rather, a class of stimuli that must compete for neural
representation. In line with this view, it has been shown that amygdala activation to emotional
material is depleted if sufficient demands are placed on attention by a cognitive task (Pessoa
et al., 2002;Pessoa et al., 2005).

The apparently contradictory findings in support of automaticity and competition may be due
to differences in methodology (Pessoa, 2005). For example, using spatially contiguous
competing stimuli, Anderson and his colleagues (2003) show amygdala activation to
unattended fearful and disgusted facial expressions. However, the task involved only one level
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of difficulty in the unattended condition, which raises the possibility that attention was not
depleted by task demands (Pessoa et al., 2005). To date, those studies that have used multiple
levels of processing load during unattended conditions support the view that emotional
processing is subject to the availability of attentional resources (Pessoa et al., 2002;2005).
However, these studies have also differed in terms of the spatial relationship between target
stimuli and distracters. In some studies targets and distracters appear separately at fixation and
in the periphery (Pessoa et al., 2002), separately and away from fixation (Vuilleumier et al,
2001), overlapping and at fixation (Anderson et al., 2003), or overlapping and in the periphery
(Williams et al., 2005). The spatial location of competing stimuli is important given data
suggesting that spatially contiguous distracting features can generate greater interference
(MacLeod, 1991).

In the current study, we investigate whether automatic amygdala processing of fearful faces
exists by using overlapping competing stimuli across three levels of processing load.
Participants were presented with composite stimuli consisting of neutral or fearful faces upon
which semi-transparent words were superimposed. On each trial participants determined either
the gender of the face, the case of the word, or the number of syllables in the word. The use of
face-attended conditions and two face-unattended conditions that differ in level of difficulty
allowed us to directly test the prediction that if amygdala activity is subject to cognitive
modulation, then activity within the amygdala should be affected by attention or processing
load (Pessoa et al., 2005). However, if the amygdala responds automatically to emotional
stimuli, similar activation should be observed regardless of processing load. Furthermore, we
used spatially contiguous distracting features as such formats have been shown to generate
greater interference (MacLeod, 1991). We predicted that the increase in processing load would
be associated with increased activity in regions previously implicated in attentional selection
including left dorsolateral frontal cortex (Bishop et al., 2004;Botvinick, Cohen, & Carter,
2004;Liu et al., 2004;MacDonald, Cohen, Stenger, & Carter, 2000) and parietal cortex
(Behrman, Geng, & Shomstein, 2004;Friedman-Hill et al., 2003;Nobre et al., 1997;Posner &
Peterson, 1990). Following Pessoa and his colleagues (Pessoa et al., 2002;Pessoa et al.,
2005), we predicted that increased processing load would be associated with decreased activity
in regions associated with emotional responding, particularly the amygdala and medial frontal
cortex. A connectivity analysis was performed to examine whether activity in regions
implicated in cognitive control correlated with activity related to emotional responding. We
predicted that activity in dorsolateral prefrontal cortex related to attentional control would be
inversely related to regions associated with emotional processing.

Methods
Subjects

17 participants completed the study; data from two subjects were discarded due to movement
during the course of the task (defined as movement during acquisition of greater than 4mm)
leaving 15 subjects in the analysis. Consequently, fMRI data from 15 participants (9 women)
aged between 23 and 38 (mean, 26.1; standard deviation, 4.32) were included in the analysis.
All subjects granted informed consent, were in good health, and had no past history of
psychiatric or neurological disease as determined by a medical exam performed by a licensed
physician. The study was approved by the National Institute of Mental Health Institutional
Review Board.

MRI data acquisition
Subjects were scanned during task performance using a 1.5 Tesla GE Signa scanner. Functional
images were obtained with a gradient echo echo-planar imaging (EPI) sequence (repetition
time = 3000 ms, echo time = 40 ms, 64 × 64 matrix, flip angle 90°, FOV 24 cm). Whole brain

Mitchell et al. Page 3

Neuroimage. Author manuscript; available in PMC 2007 July 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



coverage was obtained with 29 axial slices (thickness, 4-mm; in-plane resolution, 3.75 × 3.75
mm). A high-resolution anatomical scan (three-dimensional Spoiled GRASS; repetition time
= 8.1 ms, echo time = 3.2 ms; field of view = 24 cm; flip angle = 20°; 124 axial slices; thickness
= 1.0 mm; 256 × 256 matrix) in register with the EPI dataset was obtained covering the whole
brain.

Experimental procedure
In the experimental task participants viewed composite grey-scale stimuli consisting of a facial
expression overlaid with semitransparent words. For each presentation, the participants were
instructed to either judge the gender of the face (male/female), the case of the word (upper/
lower case), or the number of syllables of the word (one or two). At the start of each trial a cue
appeared (1000ms) indicating which task would follow (gender/case/syllable), followed by
fixation (500ms), followed by the composite stimulus 250ms, and concluded with a blank
screen for 1250 ms separating each trial. Stimuli were presented in random order in this event-
related design. The attentional capture task consisted of 72 semi-transparent words individually
superimposed on 36 neutral and their accompanying 36 fearful faces of actors taken from the
MacBrain Face Stimulus Set (NimStim) and The Averaged Karolinska Directed Emotional
Faces (Lundquist & Litton, 1998). In addition to the task-relevant trials, 72 additional trials
(24 in each run) consisted of only a fixation point lasting one TR (3000 ms). Word stimuli were
neutral words (mean valence rating 4.8; range 3.05 - 6.00) taken from the Affective Norms for
English Words (ANEW; Bradley & Lang, 1999). The composite stimuli were constructed in
Adobe Photoshop by adjusting the opacity of the word systematically; fearful and neutral
stimuli were matched for luminosity and RBG colour composition. The task itself consisted
of 3 runs presented in counter-balanced order. The task associated with each composite
stimulus changed in each run so that the participant saw each composite stimulus 3 times (one
for each task). A second version of the task was created that reversed the word-valence pairings
so that each word was counterbalanced across subjects for valence. There were 6 conditions
in the task corresponding to a 2 (emotion: fear and neutral) by 3 (attention: gender, case,
syllable) factorial design matrix. The stimuli were presented on a Dell Inspiron laptop computer
display projected onto a mirror through a data projector onto a screen that could be seen by the
subject through mirrors positioned above the coil of the MRI scanner. Subjects were able to
respond with right and left button presses. Responses made outside the 1250 ms response
window were not recorded and were excluded from analysis as were errors. The subjects were
placed in a light head restraint within the scanner to limit head movement. Before entering the
scanner, subjects performed two 24-trial training runs consisting of 8 stimuli from two actors
(1 male and 1 female) depicting an example of each of the conditions. The tasks were
programmed using E-Prime software (Schneider, 2002). Figure 1 depicts a sample trial and
the temporal sequence of events.

fMRI Analysis
Data were analyzed within the framework of the general linear model using Analysis of
Functional Neuroimages (AFNI; Cox, 1996). Both individual and group-level analyses were
conducted. The first six volumes in each scan series, collected before equilibrium
magnetization was reached, were discarded. Motion correction was performed by registering
all volumes in the EPI dataset to a volume collected shortly before acquisition of the high-
resolution anatomical dataset. The EPI datasets for each subject were spatially smoothed (using
an isotropic 6mm Gaussian kernel) to reduce the influence of anatomical variability among the
individual maps in generating group maps. Next, the time series data were normalized by
dividing the signal intensity of a voxel at each time point by the mean signal intensity of that
voxel for each run and multiplying the result by 100. Resultant regression coefficients
represented a percent signal change from the mean. Following this, regressors depicting each
of the six trial types and a seventh for errors were created by convolving the train of stimulus
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events with a gamma-variate hemodynamic response function to account for the slow
hemodynamic response (Cohen, 1997). Linear regression modeling was performed fitting the
BOLD signal to the seven regressors. A Baseline plus linear drift and quadratic trend were
modeled in each voxel's time series to control for voxel-wise correlated drifting. This produced
a beta coefficient and its associated t-statistic for each voxel and each regressor. Voxel-wise
group analyses involved transforming single subject beta coefficients into the standard
coordinate space of Talairach and Tournoux (Talairach & Tournoux, 1988).

Three analyses were conducted on the functional data:

(1) Region of Interest Analysis of the Amygdala. In line with a previous study investigating
emotional attention (Anderson et al., 2003), we conducted a fear versus neutral gender
condition contrast within an anatomically specified ROI of the amygdala (taken from the AFNI
anatomical ROI database). A functional ROI of voxels significantly activated by this contrast
(p < 0.05) was then identified. The percent signal change within this functionally-defined ROI
was interrogated with a series of paired t-tests. To test whether clusters that were selectively
active to fearful faces were modulated by processing load, we performed paired t-tests on the
mean percent signal change within this ROI to fearful versus neutral faces during case
discriminations and syllable discriminations.

(2) Whole Brain Analysis. We followed this contrast with our primary whole-brain, voxel-wise
repeated measures 3(Processing load) by 2(Emotion) ANOVA analysis using the beta weights
of the six regressors of interest as the dependent measures. This was performed on the AFNI
3-dimensional data with subject entered as a random factor and fixed factors were comprised
of the beta weights associated with processing load (gender, case and syllable) and emotion
(fearful and neutral). This analysis allows the identification of clusters of activity that show a
significant main effect of processing load, a significant main effect of emotion, and a significant
processing load by emotion interaction. By using the resultant significantly active clusters as
ROIs, any regions in the brain that are modulated by task conditions are functionally defined
independently. The threshold for significance was set at p < 0.001. To correct for multiple
comparisons we performed a spatial clustering operation using AlphaSim (Ward, 2000) with
1,000 Monte Carlo simulations taking into account the entire EPI matrix. All areas of activation
are significant at p < 0.01 corrected for multiple comparisons.

For each significantly active cluster yielded by the ANOVA, we conducted follow-up analyses
to determine the nature of the main effect using pair-wise comparisons, and paired t-tests to
delineate the nature of the interaction. For the main effect of emotion, we compared the percent
signal change fearful versus neutral faces collapsed across processing load conditions. For the
main effect of processing load, we compared percent signal change to each of the tasks with
each other (gender versus case; gender versus syllable; case versus syllable) collapsed across
emotions. A series of paired t-tests were used to delineate the nature of the task by emotion
interaction. We conducted three paired t-tests examining the effect fearful versus neutral faces
during gender discriminations, case discriminations, and syllable discriminations.

(3) Connectivity Analysis. We measured functional connectivity by examining covariation
across the whole brain with the activation within a functionally-defined ROI. Each individual
subject's time series was converted to common Talairach space according to their structural
data set. Within our primary ROI, dorsolateral prefrontal cortex, the voxel with the peak signal
change for the main effect of processing load was identified across subjects. This voxel with
peak signal change became our “seed” voxel, and the time series within it was extracted.
Baseline plus linear drift and quadratic trend were modeled in each voxel's time series to control
for voxel-wise correlated drifting. To control for global drifting, the average signal across the
whole brain (global signal), was used as a covariate in the correlation analysis. A voxel-wise
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correlation analysis was conducted between each individual voxel's time series and that of the
identified seed. The proportion of the variation in the signal that could be explained by the
correlation with the seed was determined by squaring the resulting correlation coefficient.
Correlation coefficients were converted to a Gaussian variable using a Fisher transformation
formula in order to reduce the skew and normalize the sampling distribution. To identify
regions significantly positively or negatively correlated with the target voxel at group level, a
one-sample t test was performed on the transformed correlation coefficients.

Results
Behavioral Results

A 3(Processing load: gender, case, syllable) by 2(Emotion: fearful, neutral) repeated-measures
ANOVA was conducted on the reaction time data. The mean reaction times and number correct
are displayed in Table 1. This revealed a main effect of processing load (F(2,28) = 41.72; p <
0.0005). There was no significant main effect of emotion (F(1,14) = 1.03; ns) or processing
load by emotion interaction (F(2,28) = 1.90; ns). Subsequent planned pair-wise comparisons
revealed that participants responded significantly more slowly during case discriminations
relative to gender discriminations (p < 0.05) and for syllable discriminations relative to case
discriminations (p < 0.0005). The same ANOVA was conducted using errors as the dependent
variable revealed a main effect of processing load (F(2,28) = 8.18; p < 0.005) and a main effect
of emotion (F(1,14) = 8.45; p < 0.05), but no processing load by emotion interaction (F(2,28)
= 0.70; ns). Subsequent planned pair-wise comparisons revealed that participants made
significantly more errors during syllable discriminations than any other task condition (p <
0.05). Participants made significantly more errors during gender discriminations relative to
case discriminations (p < 0.05). The main effect of emotion was characterized by significantly
more errors in the presence of fearful relative to neutral faces (p < 0.05).

Amygdala Region of Interest Analysis
Our first analysis followed a previous study investigating emotional attention (Anderson et al.,
2003), and involved a fear versus neutral gender condition contrast within an anatomically
specified ROI of the amygdala (taken from the AFNI anatomical ROI database). This yielded
significant amygdala activity (p < 0.05; uncorrected). Planned paired t-tests were conducted
on the resulting ROI and showed that the right amygdala activity was significantly greater for
the fearful versus neutral faces during gender judgments (p = 0.01), but not during case or
syllable discriminations (ns; Figure 2).

Whole brain 3 × 2 ANOVA
Our primary analysis involved a 3 (Processing load: gender, case, syllable) by 2 (Emotion:
fearful, neutral) ANOVA. This analysis revealed significant main effects of processing load
and emotion, as well as a processing load by emotion interaction (see Table 2).

Main Effect of Processing Load
We first examined activity that was differentially modulated by the processing load
manipulation. The main effect of processing load was revealed in a distributed network
including areas implicated in social or emotional processing including the amygdala, medial
prefrontal cortex, and superior temporal sulcus, and areas previously implicated in attention
including the dorsolateral prefrontal cortex (Botvinick et al., 2004;Liu et al., 2004;MacDonald
et al., 2000) and parietal cortex (Behrman, Geng, & Shomstein, 2004;Friedman-Hill et al.,
2003;Nobre et al., 1997;Posner & Peterson, 1990). Table 2 shows the regions that were
significantly modulated by processing load.
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Regions showing reduced activity as processing load increased—Significant
activity in two distinct clusters that included portions of the left and right amygdala separately
exhibited a main effect of processing load (Figure 3c and 3d). Pair-wise comparisons revealed
that, in each case, significantly greater activity in this region was elicited by faces within the
gender discrimination task relative to the case or syllable discrimination tasks (p < 0.05).
Activity in this region during case and syllable discriminations did not differ significantly from
one another (p > 0.10). However, activation within right ACC/ medial prefrontal cortex (BA
24) also showed a significant decline in activation as processing load increased (Gender > Case
> Syllable; p < 0.01). A similar pattern of declining activity was found in right and left superior
temporal gyri (BA 22 and BA 39 respectively; Gender > Case > Syllable; p < 0.01 bilaterally).

Regions showing increased activity as processing load increased—The mean
percent signal change was investigated within functionally defined regions of bilateral parietal
cortex and within dorsolateral prefrontal cortex (BA9). Contrasts revealed that for right and
left parietal regions, case discriminations elicited significantly greater activation than gender
discriminations, and that syllable discriminations elicited significantly greater activation than
case discriminations (gender < case < syllable; p < 0.05). Similarly, dorsolateral prefrontal
cortex showed increased activation as processing load increased (a trend for gender < case, p
< 0.10; and significant for case < syllable, p < 0.001; Figure 4). The results show that the levels
of processing load effectively manipulated demands on attention in line with our hypotheses.

Main Effect of Emotion
Significant modulation of activity by emotion was seen only in superior occipital cortex (BA
19; Table 3). Pairwise comparisons revealed that activity was significantly greater for fearful
versus neutral faces (p < 0.001).

Task by Emotion Interaction
A significant Processing Load by Emotion interaction was revealed in left ventrolateral
prefrontal cortex (BA 11) and right anterior cingulate cortex (BA24; p < 0.001; Figure 5). To
delineate the nature of this interaction, we conducted a series of paired t-tests. Within the left
ventrolateral prefrontal cortex, paired t-tests revealed greater activity to fearful faces than
neutral faces during gender and syllable discriminations (p < 0.01), but greater activity to
neutral than fearful faces during case discriminations (p < 0.01).

Within the right anterior cingulate cortex, paired t-tests revealed significantly greater activity
to fearful faces relative to neutral faces during gender discriminations (p < 0.01), and a trend
in the syllable condition (p = 0.06). In the case condition, significantly greater activity was
observed to neutral than fearful faces (p < 0.05). Figure 5 depicts the areas of activity showing
a processing load by emotion interaction and charts the percent signal change to reveal the
nature of the interaction.

Functional Connectivity
Functional connectivity is a measure of significant correlated activity between a target neural
region or voxel and the whole brain. The analysis examines correlated activity across the entire
task irrespective of condition, and therefore provides an additional test of hypotheses
concerning functional connectivity. Based on the data implicating the left dorsolateral
prefrontal cortex in attentional selection or “cognitive control” (Bishop et al., 2004;Botvinick,
Cohen, & Carter, 2004;Liu et al., 2004;MacDonald et al., 2000), we chose the voxel with peak
intensity within this region as our “seed.” Activity in left dorsolateral prefrontal cortex was
positively correlated with a distributed network of activity in ventrolateral prefrontal, temporal,
and parietal cortices and negatively correlated with ventromedial prefrontal cortex (Figure 6
and Table 4).
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Discussion
This event-related fMRI study investigated the impact of processing load on the neural response
to social-emotional stimuli in healthy adults. Significantly enhanced amygdala activity to
fearful relative to neutral facial expressions evident during gender judgments was absent during
the unattended conditions that included processing load. Moreover, data from the ANOVA
also revealed a significant main effect of processing load within the amygdala. Contrary to
theories of automaticity, amygdala activity diminished as processing load increased. In
addition, BOLD responses in medial prefrontal cortex and sensory representation areas of
temporal cortex decreased as processing load increased. Conversely, increased processing load
was associated with increased activity in dorsolateral prefrontal and parietal cortices. In
accordance, connectivity analysis measuring correlated activity across all task conditions
revealed robust correlated activity from dorsolateral prefrontal cortex to parietal and
ventrolateral cortices. Furthermore, this activity was negatively correlated with activity in
ventromedial prefrontal cortex. The data are consistent with notions that the processing of
emotional information, like neutral information, is governed by top-down processes involved
in selective attention.

We observed amygdala activity in response to composite stimuli during gender
discriminations, but deactivation to the same stimuli when processing load increased. Theories
of automaticity predict that the amygdala responds to emotional stimuli independent of
attention, perhaps through a subcortical route (Morris, Ohman, & Dolan, 1998;Morris et al.,
2001). However, the current data support the view of Pessoa and his colleagues (2002;2005),
which suggests that emotional expressions are not a “privileged” category of object immune
to the effects of attention. The fact that neural activity associated with social and emotional
stimuli was reduced with increased processing load supports the notion that facial stimuli must
also compete for neural representation. This pattern was observed not only in the amygdala,
but also within medial prefrontal cortex and superior temporal sulcus. Both regions are
implicated in social processing. Regions of medial prefrontal cortex have been implicated in
emotional processing (Damasio, Tranel, & Damasio, 1990;Rolls, 1996), perhaps representing
reinforcement information provided by the amygdala (Blair, 2004;Kosson et al., 2006). The
superior temporal sulcus has been implicated in face processing (Chao et al., 1999;Haxby et
al., 2000). Together, our results suggest that the response of the amygdala and medial frontal
cortex to social-emotional stimuli is subject to top-down control related to attentional selection.

A previous study has shown that the level of processing load can be successfully modulated
by task demands when participants engage in case and syllable discriminations of linguistic
stimuli (Rees, Frith, & Lavie, 1997). In our study, increased processing load was associated
with increased activity in parietal cortices and a large area of prefrontal cortex extending from
dorsolateral cortex to parietal cortex. These regions are implicated in selective attention,
particularly posterior parietal cortex (Behrman, Geng, & Shomstein, 2004;Nobre et al.,
1997;Nobre et al., 2004;Posner & Peterson, 1990) and dorsolateral prefrontal cortex (Dias et
al., 1996;Liu et al., 2004.

In the current study, greater activity to fearful versus neutral faces in middle occipital gyrus
was observed across conditions suggesting that some form of emotional processing occurred
across task conditions. In addition, the error data (though not the reaction time data) showed
a similar main effect of emotion. However, activity in the amygdala was reduced at high levels
of processing load. One possibility is that a weaker signal originating in the amygdala was
present at higher levels of processing load, but was not detectable via measures of BOLD
response due to susceptibility of signal drop-out. Another possibility is that the signal was not
detected because it was transient. A recent event-related potentials study showed that activity
evident while attending to emotional facial expressions was also evident during inattention;
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however, during inattention, the response was transient, and extinguished within 220 ms
(Holmes, Kiss, & Eimer, 2006). In addition to restrictions placed by limited perceptual
processing capacity, stimuli may be selected further through executive attention (i.e., goal-
directed) mechanisms that augment the strength of target stimuli at the expense of irrelevant
ones (Desimone & Duncan, 1995). This raises the possibility that in the current study, rapid
emotional responses may have occurred even at high levels of processing load, but were subject
to cognitive modulation through executive attention mechanisms. For example, very early fear-
differentiating amygdala activity may occur across task-conditions via a proposed “automatic”
sub-cortical route (LeDoux, 1996; Morris et al., 1999;Whalen et al., 1998). Although sufficient
to influence activity in occipital gyrus, this early differentiated amygdala signal might be
disrupted by the competing cortical representation of the target stimuli during case and syllable
discriminations. A recent study involving MEG suggests that the amygdala distinguishes
fearful from neutral faces by 30ms following stimulus-onset (Luo et al., in press). At least some
animal data would support the existence of these conduction speeds (e.g., Quirk et al., 1995).
It should be noted that other work, involving intra-cranial recordings in humans and with more
complex pictorial stimuli (scenes rather than faces), have suggested that amygdala activity
distinguishes pleasant from unpleasant images between 50 and 150ms (Oya et al., 2002).
Additional studies involving methods with high levels of temporal resolution will help address
these questions concerning the speed and susceptibility to regulation of amygdala activation.

A significant processing load by emotion interaction was observed in anterior cingulate cortex
and ventrolateral prefrontal cortex. Both neural regions showed increased activity in the
presence of fearful stimuli during the attended condition (gender discrimination) and during
the high processing load condition (syllable discrimination), but increased activity to neutral
versus fearful faces during the low processing load condition (case discrimination). It is
difficult to interpret this effect with respect to valence given that the amygdala, which is the
structure involved in emotional processing often considered most robust to attentional
manipulations (e.g., Anderson et al., 2003), was not significantly active at higher levels of
processing load. Furthermore, activity in these regions was greater to neutral faces than fearful
faces at low levels of processing load in the unattended condition. It is interesting to note that
the two areas identified by the interaction are regions frequently implicated in reacting to
response conflict and control (see Blair, 2004;Botvinick et al., 2004;Casey et al., 2001;Luo et
al., 2006). However, it is unclear why these two regions should show increased activity to
fearful relative to neutral expressions in the gender and syllable discrimination conditions but
the inverse in the case discrimination conditions.

According to current models of conflict monitoring, cognitive (“attentional”) control is enacted
in prefrontal cortex, particularly left dorsolateral prefrontal cortex (MacDonald et al., 2000),
in situations of increased conflict (Botvinick, Cohen, & Carter, 2004), and in the presence of
threatening distracters (Bishop et al., 2004). With reference to this model, regulation of the
emotional response to facial stimuli may have occurred through at least two pathways. During
circumstances of greater conflict, regions of prefrontal cortex, particularly medial prefrontal
cortex, may eliminate the competitive advantage afforded to emotional stimuli through direct
modulatory connections with the amygdala. This functional relationship has been proposed on
the basis of animal data (Quirk & Gehlert, 2003), and imaging studies (Pezawas et al., 2005).
A second possibility is that regions of prefrontal cortex, particularly lateral prefrontal cortex,
manipulate representations of task relevant stimuli in temporal regions at the expense of
distracters (Botvinick, Cohen, & Carter, 2004). For example, the modulation of the strength
of auditory representations is thought to result from regulatory projections from dorsolateral
prefrontal cortex to auditory processing regions in temporal cortex (Barbas et al., 2005;Chao
& Knight, 1997). A similar mechanism may exist for object and face representation areas of
temporal lobe either through direct projections between these regions and prefrontal cortex, or
indirectly through parietal cortex. In addition to interactions between amygdala and prefrontal
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cortex, emotional regulation may also be achieved through mechanisms associated with
attentional selection and manipulating the strength of object representations (Mitchell et al.,
2006). Both processes may be active in the current study. In order to further investigate the
potential contribution of cognitive control of object representations, we conducted a
connectivity analysis.

Following considerable data implicating dorsolateral prefrontal cortex in enacting attentional
control over competing stimulus representations (Botvinick, Cohen, Carter, 2004;Liu et al.,
2004;MacDonald et al., 2000), we selected the area of peak intensity within this region as our
“seed” for the connectivity analysis. In line with our predictions, dorsolateral prefrontal cortex
showed correlated activity with ventrolateral prefrontal cortex, and superior parietal regions,
and was negatively correlated with activity in the ventromedial prefrontal cortex. Interestingly,
this network of activity corresponds closely to areas observed in studies of emotional regulation
in which subjects are asked to augment or reduce their emotional response to positive and
negative pictorial stimuli (Ochsner, 2005). We suggest that as in our study, emotional
regulation may be facilitated by activity in prefrontal and parietal regions that manipulate the
salience of task-relevant or “non-emotional” stimulus features in temporal cortex at the expense
of representations of emotional information.

An important caveat should be noted with respect to the nature of the stimuli used in the present
task. Although the linguistic and facial stimuli used were spatially overlapping, there is a
possible confound between processing load and the spatial extent of attentional focus. The
spatial location subject to attentional focus was smaller in the word-related task than in the
gender discrimination task. Thus, some critical emotional cues, particularly the mouth, might
fall outside the spatial location of attentional focus. As a consequence, reduced amygdala
activation in the linguistic conditions might not be due to higher processing load, but rather to
the narrower spatial focus of attention. In the study by Anderson et al. (2003), in which
amygdala responses to attended and unattended fearful faces were the same, the spatial extent
of overlapping objects had been kept constant. However, the main conclusions of our study
are not affected by this potential confound; activity in neural regions associated with emotional
or social processing (medial PFC and superior temporal gyrus) diminished with increasing
processing load.

This event-related fMRI study provides further evidence for the notion that significant
amygdala BOLD response to behaviorally peripheral social or emotional stimuli requires
attention. Amygdala activity, like activity in medial prefrontal cortex and superior temporal
sulcus, diminished when processing load increased. In contrast, activity in attention-related
regions increased with increased processing load. Collectively, the data suggest that the
processing of emotional information, like neutral information, is subject to top-down control.
The results also have implications for models of emotional regulation (Ochsner, 2005). We
suggest that regions including the dorsolateral prefrontal cortex and parietal regions may
contribute to emotional regulation by manipulating the salience of task-relevant stimuli at the
expense of emotional stimuli. This function could operate in parallel to the regulatory impact
that medial prefrontal cortex is thought to have on the amygdala (Quirk & Gehlert,
2003;Pezawas et al., 2005). Future work concerning the impact of emotional stimuli on goal-
directed behavior will help determine the relative importance of each, and the parameters that
determine its function.
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Figure 1.
A trial schematic displaying the time-course of each event. In this example, the instruction
screen indicates that syllable discrimination is to be conducted (high processing load).
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Figure 2.
Significantly active voxels within right amygdala (p < 0.05) are indicated (right) and percent
signal change within this ROI plotted across conditions. White bars depict activity for neutral
faces and shaded bars represent activity to fearful faces. Activity within this region that
distinguished between fearful versus neutral faces during gender discriminations did not do so
during case or syllable discrimination conditions (p > 0.10).
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Figure 3.
Images depicting activity derived from the main effect of processing load. These regions were
used as functionally defined ROIs and the percent signal change within each was plotted for
each condition: a) right superior temporal gyrus; b) left superior temporal gyrus; c)right
amygdala; d) left amygdala; e) medial prefrontal cortex. White bars depict activity for neutral
faces and shaded bars represent activity to fearful faces. In each case, the observed BOLD
response was significantly reduced at higher levels of processing load.
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Figure 4.
A main effect of processing load reveals that activity in bilateral parietal cortex (a and b) and
left dorsolateral prefrontal cortex (c) increased with task demands. White bars depict activity
for neutral faces and shaded bars represent activity to fearful faces.
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Figure 5.
A significant processing load by emotion interaction was observed in left ventrolateral
prefrontal cortex and right anterior cingulate cortex. White bars depict activity for neutral faces
and shaded bars represent activity to fearful faces.
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Figure 6.
Connectivity analysis shows the “seed” voxel within dorsolateral prefrontal cortex (yellow)
and correlated activity extending to parietal cortex, superior temporal regions, occipital cortex
and ventromedial prefrontal cortex. Areas in shades of orange and yellow correlate positively
with left dorsolateral prefrontal cortex activity whereas regions in blue (ventromedial prefrontal
cortex) correlate negatively with dorsolateral prefrontal cortex responding.
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Table 1
Behavioral Results

Reaction Time Error Rates

Gender Discrimination
  Neutral 773.62 ms  (120.93) 8.2%  (3.5)
  Fear 766.58 ms  (122.34) 9.1%  (5.2)
Case Discrimination
  Neutral 808.33 ms  (150.37) 3.9%  (3.9)
  Fear 831.32 ms  (138.32) 6.9%  (4.8)
Syllable Discrimination
  Neutral 952.88 ms  (154.40) 14.1%  (11.3)
  Fear 953.15 ms  (132.00) 16.7%  (11.1)

Standard deviation in brackets
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