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bstract

Performance in delayed-response working memory (WM) tasks is typically associated with sustained activation in the dorsolateral prefrontal
ortex (dlPFC) that spans the delay between the memoranda and the memory probe. Recent studies have demonstrated that novel distracters
resented during the delay interval both affect sustained activation and impair WM performance. However, the effect of the performance-impairing
istracters upon sustained dlPFC delay activity was related to the characteristics of the distracters: memoranda-confusable distracters increased
elay activity, whereas memoranda-nonconfusable emotional distracters decreased delay activity. Because these different effects were observed
n different studies, it is possible that different dlPFC regions were involved and the paradox is more apparent than real. To investigate this
ossibility, event-related fMRI data were recorded while subjects performed a WM task for faces with memoranda-confusable (novel faces) and
emoranda-nonconfusable emotional (novel scenes) distracters presented during the delay interval. Consistent with previous findings, confusable

ace distracters increased dlPFC delay activity, while nonconfusable emotional distracters decreased dlPFC delay activity, and these opposing

ffects modulated activity in the same dlPFC regions. These results provide direct evidence that specific regions of the dlPFC are generally
nvolved in mediating the effects of distraction, while showing sensitivity to the nature of distraction. These findings are relevant for understanding
lterations in the neural mechanisms associated with both general impairment of cognitive control and with specific impairment in the ability to
ontrol emotional distraction, such as those observed in aging and affective disorders, respectively.

2007 Published by Elsevier Ltd.
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. Introduction

Studies investigating the neural correlates of delayed-
esponse working memory (WM) tasks have demonstrated

ustained activity in the dorsolateral prefrontal cortex (dlPFC)
egions that spans the interval between the memoranda and the
robe stimulus. Several groups have associated the presence
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f this sustained activity with working memory mainte-
ance (Courtney, Ungerleider, Keil, & Haxby, 1997; Curtis

D’Esposito, 2003; Funahashi, Bruce, & Goldman-Rakic,
993; Goldman-Rakic, 1995; Smith & Jonides, 1999), although
thers have suggested that this activity might reflect other
rocesses such as the maintenance of a preparatory set, men-
al timing, or the control of distraction (Jha & McCarthy,
000). Task-irrelevant stimuli presented during the delay
eriod typically interfere with WM performance, and so the
ffect of such distracters on sustained activation in delayed-
esponse tasks has generated considerable interest. Indeed,

vidence from recent functional neuroimaging studies sug-
ests that sustained activity in the dlPFC is affected by
istraction, but the nature of this effect has not been consis-
ent.

mailto:fdolcos@ualberta.ca
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One study from our group has shown that the presence
f emotional distracters in the delay interval was associ-
ted with impairments in WM performance and a marked
ecrease in sustained activity to below prestimulus baseline
evels (Dolcos & McCarthy, 2006). This finding suggests that,
ossibly because of their relevance for survival, emotional stim-
li can capture and divert attention, and thus may reallocate
rocessing resources from task-relevant to task-irrelevant emo-
ional stimuli. Other evidence from studies using non-emotional
istracters (e.g., Yoon, Curtis, & D’Esposito, 2006) suggests
hat such effects are not specific to emotional distraction per se,
nd that similar decreases in sustained activation occur with
emoranda-confusable non-emotional distracters (e.g., novel

ace presented as distracters in a WM task for faces). How-
ver, when our group tested memoranda-confusable neutral
istracters (Dolcos, Miller, Kragel, Jha, & McCarthy, 2007),
e found the expected impairments in memory performance,
ut increased not decreased dlPFC activity.

While the similar decreases in dlPFC-sustained activity in the
tudies of Dolcos and McCarthy (2006) and Yoon et al. (2006)
hat used different types of distracters suggests the operation
f similar neural mechanisms mediating the effects of task-
rrelevant distraction, the contradictory findings from Dolcos
t al. (2007) suggest that the same behavioral outcome might
ccur through different mechanisms. However, because these
ontradictory effects were observed in different studies, using
ifferent subjects and analytical strategies, their comparability
s open to question.

A possible explanation for these contradictory findings is
hat the dlPFC may show a subregional specificity with respect
o its involvement in operations that are generally engaged in
he processing of distraction, and/or are differentially sensitive
o the nature of distraction. It is not clear whether the oppos-
ng effects of distraction type upon dlPFC-sustained activity
compare Dolcos & McCarthy, 2006 with Dolcos et al., 2007)
odulate delay activity in the same dlPFC regions, or in dif-

erent regions linked to the nature of distraction. As Dolcos et
l. (2007) used an anatomical region of interest (ROI) analy-
is, it is possible that the ROIs may have summed brain activity
ver subpopulations of voxels with different activation profiles.
nvestigation of these issues has relevance for understanding the
lterations in neural mechanisms that lead to general impair-
ent of cognitive control (e.g., observed in frontal patients and

n healthy and clinical aging Chao & Knight, 1995; Richer et al.,
993; Shimamura, 2000), and to the impairment in the ability to
ontrol emotional distraction (e.g., observed in mood and anxi-
ty disorders, Mayberg et al., 1999; Watts, MacLeod, & Morris,
988).

The goal of the present study, therefore, was to directly
ompare the effect of memoranda-confusable and memoranda-
onconfusable emotional distracters on delay activity in the
lPFC. Event-related functional magnetic resonance imaging
fMRI) data were acquired while subjects performed a delayed-

esponse item recognition working memory task for faces.
istracters presented during the delay interval were either faces

hat were cropped and posed similarly as the faces compris-
ng the memoranda (confusable distracters) or scenes with
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trong emotional content (nonconfusable distracters). Addi-
ional control distracters were also included. Based on evidence
rom our prior studies that separately investigated this issue
Dolcos & McCarthy, 2006; Dolcos et al., 2007), we predicted
hat the memoranda-confusable distracters would increase
lPFC-sustained activity while the memoranda-nonconfusable
motional distracters would decrease dlPFC-sustained activity.
f critical interest was whether these predicated opposing pat-

erns of sustained activity would occur in the same or different
reas of the dlPFC.

. Materials and methods

.1. Subjects

Analyses were performed on data from fourteen healthy young (19–30 years
f age) right-handed adults from Duke University community who participated
n the study. Because other investigators have reported gender differences in
he processing of emotional information (Lang, Greenwald, Bradley, & Hamm,
993; Shields, 1991), we restricted our study to female participants to maintain
omogeneity of the subject sample. The experimental protocol was approved
y the Institutional Review Board at Duke University Medical Center and all
ubjects provided informed consent.

.2. Stimuli

Subjects performed a delayed item recognition working memory task with
ovel distracters presented during the delay interval (Fig. 1). The memoranda
onsisted of sets of three human faces (50% females/50% males) that were pho-
ographed face forward and cropped closely above the neck. There were two

ain distracter types. The memoranda-confusable distracters consisted of sim-
larly posed and cropped faces, having the same gender as the memoranda on
hat trial (overall, 50% females/50% males). The memoranda-nonconfusable
motional distracters consisted of high-arousing and negative pictures (e.g.,
epictions of violence, mutilations) selected from the International Affective
icture System (IAPS) (Lang, Bradley, & Cuthberg, 1997). Due to differences

n compositional complexity between these two distracter types, each had their
wn control. The control for the memoranda-confusable face distracters were
crambled faces that had the same average spatial frequency and luminance as
he distracter faces, and thus served as a low-distraction perceptual control. The
ontrols for the emotional scene distracters were low-arousing neutral scenes
e.g., depictions of everyday activities) selected from the IAPS that were sup-
lemented by an in-house picture collection used in previous studies (Yamasaki,
aBar, & McCarthy, 2002) to equate emotional and neutral pictures for com-
lexity and human presence. The IAPS means in the 1–9 arousal and valence
cales, respectively, were as follows: 6.2/2.0, for negative scenes, and 3.5/5.2
or neutral scenes. All emotional and neutral pictures contained human charac-
ers, and all memoranda and distracters were presented in color. A total of 160
xperimental trials (40 emotional, 40 neutral, 40 faces, and 40 scrambled faces)
ere acquired.

.3. Experimental procedures

The pool of 160 trials was divided into 10 sets of 16 trials (four emo-
ional, four neutral, four faces, and four scrambled faces), which were randomly
ssigned to 10 study blocks. Ten different block orders were randomly assigned
o the participants. To avoid inducing long-lasting mood states, the order of trials
ithin each block were constrained so that no more than three trials of the same

ype were consecutively presented. As illustrated in Fig. 1, each trial started
ith a 3 s presentation of the face memoranda, which subjects encoded and

aintained in working memory over the 13 s delay interval between the offset

f the memoranda and the onset of the memory probe. Three seconds after the
ffset of the memoranda, two distracters of the same category were presented
onsecutively for a total time of 5 s (2.5 s each). The subjects were instructed
o look at the distracters but maintain focus on the working memory task. At



328 F. Dolcos et al. / Neuropsychologia 46 (2008) 326–335

F with
e ainta
t (Old)

t
s
o
f
t
E
r
i
s
r
e
w
r
p

2

k
o
o
w
a
t
w
w

2

f
t
m
s
d
e
s
s

a
f
s
t

v
w
a
d
t
p
p
o
e
o
a
i
i
R

a
o
n
a
a
p
w
t
f
e
t
t
w
i
(
r
e
a
i
S
a
a
e
f

ig. 1. Diagram of the delayed item recognition working memory (WM) task
motional scenes, and neutral scenes. Subjects were instructed to encode and m
ask, and then indicate whether a single-face probe was part of the memoranda

he conclusion of the delay interval, a single face was presented for 1.5 s. The
ubject’s task was to indicate by pressing a button whether the probe face was
ne of the three faces that comprised the memoranda or whether it was a new
ace (50% of the probes were old, and 50% were new). Subjects were instructed
o make quick and accurate responses while the probes were on the screen.
ach probe was followed by a 12.5 s fixation interval to allow the hemodynamic

esponse to return to the baseline (the total length of each trial was 30 s). Follow-
ng scanning, subjects rated the emotional intensity of the emotional and neutral
cenes using a four-point Likert scale (1 = lowest, 4 = highest). Based on these
atings, individual indices of emotional reactivity were calculated by averaging
ach subject’s ratings of the emotional and neutral distracters. Emotional ratings
ere not obtained from three of the subjects because of mechanical failures in

ecording the behavioral responses. Thus, group emotional rating analysis was
erformed on data from eleven subjects.

.4. Imaging protocol

Scanning was conducted on a 4T GE scanner (General Electric, Milwau-
ee, WI). After localizer, anatomical series, and high-order shimming, a series
f 30 functional slices were acquired (axial plane; echo time, 31 ms; field
f view, 25.6 cm2) using an inverse-spiral pulse sequence. Functional voxels
ere isotropic (4 mm3), and the acquisition repetition time (TR) was 2000 ms,

llowing full-brain coverage. Anatomical scans consisted of high-resolution
hree-dimensional spin-echo structural images, which were acquired coplanar
ith the functional slices (anatomical–functional ratio = 4:1); anatomical voxels
ere also isotropic (1 mm3).

.5. Data analysis

Statistical analyses were preceded by the following preprocessing steps per-
ormed with SPM99 and with custom Brain Imaging and Analysis Center (BIAC)
ools: quality assurance, TR alignment, motion correction, coregistration, nor-

alization, and smoothing (8 mm3 kernel). Data analysis used custom MATLAB
cripts for voxel-wise analyses to compare brain activity associated with the con-
itions of interest (e.g., face distracters versus emotional distracters). Peri-event
pochs time-locked to memoranda onset were extracted from the image time
eries, and separated by distracter type. No assumption was made about the
hape of the hemodynamic response function.
Analyses were performed at both individual and group levels. For individual
nalyses, the peri-event epochs were selectively averaged for each subject as a
unction of trial type (i.e., faces, scrambled faces, emotional scene, and neutral
cene) and time point (one pre- and 13 post-memoranda onset), and then pairwise
statistics for the contrast of interest (e.g., face versus scrambled face, emotional

t
t

s
o

distraction. Four categories of distracters were used: faces, scrambled faces,
in the memoranda into WM, look at the distracters while focusing on the WM
or not (New).

ersus neutral scene distracters, etc.) were calculated for each subject. Because
e hypothesized that the content of distraction (i.e., the memoranda-confusable

nd emotional scene distracters) would differentially modulate (increase or
ecrease) dlPFC activity regardless of their effects on WM performance, and
o increase statistical power, fMRI analyses included data for all trials (i.e., 40
er condition) and so error trials were not excluded. The individual analyses
roduced whole-brain average and activation t maps for each condition, contrast
f interest, and time point, which were used as inputs for second-level random-
ffects group analyses. Group analyses involved both voxel-wise and region
f interest (ROI) analyses (i.e., t tests/ANOVAs and complementing post hoc
nalyses), focused on investigating the impact of distraction nature on activity
n the dlPFC. As a general rule, voxel-wise analyses were performed using the
ndividual activation t maps, and time courses were computed from functional
OIs that encompassed the activated voxels for the contrasts of interest.

The main focus of the present analyses was to identify the dlPFC
reas showing similar or opposing patterns of delay activity in the presence
f memoranda-confusable distracters (i.e., novel faces) and memoranda-
onconfusable emotional distracters (i.e., novel emotional scenes). The dlPFC
reas showing similar patterns of activity were identified using conjunction
nalyses, which consisted of two steps. First, each distracter type was com-
ared to its own control—i.e., separate t-maps were computed to identify voxels
here face distracters were significantly different from scrambled face dis-

racters (p < 0.01), and where emotional scene distracters significantly differed
rom neutral scene distracters (p < 0.01). Then, the overlapping significant vox-
ls in these two independent maps were identified by inclusively masking these
maps independently dissociating the face and emotional scene distracters from
heir own controls. The statistical significance of the resulting combined t maps
as computed using Fisher’s method of estimating the conjoint significance of

ndependent tests, such that the conjoint significance threshold was p < 0.001
Fisher, 1950; Lazar, Luna, Sweeney, & Eddy, 2002). For example, the brain
egions showing similar increases in sustained PFC activity to both faces and
motional scenes distracters were defined as those where faces > scrambled faces
nd emotional > neutral scenes, whereas those showing similar decreases where
dentified as those where faces < scrambled faces and emotional < neutral scenes.
imilarly, the brain regions showing opposing patterns of dlPFC activity to face
nd emotional scene distracters were identified as those displaying a significant
ctivation in the direct contrast (p < 0.001) and also distinguishing the face and
motional distracters from their controls. Specifically, voxels were sought where
ace > emotional and face > scrambled and emotional < neutral, or where emo-

ional > face and emotional > neutral and face < scrambled. Finally, an extent
hreshold of four contiguous voxels was used in all analyses.

The brain regions identified using the whole-brain voxel-wise approach were
ubjected to further investigation using ANOVAs and planned t tests performed
n fMRI data extracted from functional ROIs comprising anatomically contigu-
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us voxels for the contrasts of interest, and from homologous ROIs from the
pposite hemisphere. The functional ROIs were defined on t maps resulted from
roup-level random-effects analyses, by tracing contiguous voxels around the
eak voxel (i.e., the voxels showing the greatest effects in the comparisons of
nterest), and the homologous ROIs were identified as the corresponding (i.e.,
mirror’) voxels from the opposite hemisphere. The time points of the delay
eriod (defined as the interval between the disappearance of the memoranda and
he presentation of the probes) showing statistical significance for the contrasts
f interest were computed, and the time points showing the largest differences
typically peaking between 12 and 16 s after the onset of the memoranda—i.e.,
–8 TRs post-memoranda onset) were tabulated.

. Results

.1. Behavioral results

.1.1. Emotional intensity ratings
As expected, subjects rated emotional distracters as more

motional than the neutral distracters. The average scores for
motional intensity (1 = lowest, 4 = highest) as rated by the par-
icipants were 2.8 (S.D. = 0.3) for the emotional distracters and
.1 (S.D. = 0.1) for the neutral distracters. Pairwise compari-
on of the rating scores was highly significant (t(10) = 21.22,
< 0.00001), thus confirming that the subjects’ rating scores
ere consistent with the normative scores.

.1.2. Working memory performance
The percentages of probes correctly identified as being old

r new were as follows (average %/S.D.): face distracters
74.8/7.4), scrambled face distracters (75.9/5.2), emotional
cene distracters (75.1/9.7), and neutral scene distracters
73.9/9.0). A one-way ANOVA yielded a non-significant main
ffect of distracter type (F(3, 52) = 0.14, p > 0.93). Statisti-
al comparisons of the reaction time data also did not yield
ignificant differences (ps > 0.1), thus suggesting that WM
erformance was equivalent across all four trial types. To
nvestigate whether this null finding at the group level is
elated to individual differences in behavioral responses, we
xamined whether subsets of subjects showed different WM
erformance to face and emotional distracters relative to their
orresponding control conditions (i.e., scramble faces and neu-
ral scenes, respectively). These analyses identified that half
f the subjects (N = 7) showed an increase in WM perfor-
ance to face distracters (Increased performance subgroup:

ace = 59.9, scrambled face = 49.9; p < 0.01) whereas the other
alf showed a decrease in WM performance (decreased perfor-
ance subgroup: face = 39.3, scrambled face = 53.6; p < 0.005).
imilarly, half of the subjects (N = 7) showed an increase in
M performance to emotional distracters (increased perfor-
ance subgroup: emotional scenes = 54.3, neutral scenes = 34.9;
< 0.001), whereas the other half showed a decrease in
M performance (decreased performance subgroup: emotional

cenes = 46.5, neutral scenes = 60.6; p < 0.02). These findings

uggest that the overall absence of differences at the group
evel is due to individual differences in subsets of subjects that
how opposing behavioral effects. Thus, we conducted addi-
ional analyses to investigate whether these behavioral patterns
ere linked to differences in brain activity.
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.2. fMRI results

.2.1. Opposing PFC modulation by
emoranda-confusable faces and emotional scene
istraction

Confirming our prediction, dlPFC delay activity was dif-
erentially sensitive to the presence of memoranda-confusable
aces and memoranda-nonconfusable emotional scene dis-
racters: memoranda-confusable face distracters increased delay
ctivity while memoranda-nonconfusable emotional distracters
ecreased delay activity. No significant clusters were found in
he dlPFC for the opposite patterns (see Table 1A). These find-
ngs are illustrated in Fig. 2, which shows the time course of
ctivity extracted from a functional ROI identified in the right
lPFC (BA 10/46, Talairach coordinates: xyz = 44, 44, 22). A
ne-way (distracter type: face, scrambled face, emotional scene,
nd neutral scene) ANOVA performed on fMRI signal extracted
rom this functional ROI yielded a significant main effect of dis-
racter type (F(3, 39) = 15.67 p < 0.0001), and post hoc analyses
howed that all paired comparisons were significant (p < 0.01 for
ll). It is notable that the decreased pattern of activity observed in
he dlPFC in the presence of emotional distracters was coupled
ith increased activity in the amygdala (see Fig. 3), thus repli-

ating our previous findings that emotional distracters produce
pposing patterns of activity in these two brain regions (Dolcos

McCarthy, 2006).
Moreover, consistent with our previous findings (Dolcos &

cCarthy, 2006) and with the role of the right hemisphere in
rocessing negative emotions (Borod et al., 1998; Davidson,
995), the emotional distracters produced a greater impact
n the right hemisphere. These findings were confirmed by

two-way ANOVA with hemisphere (left versus right) and
istracter (face, scrambled face, emotional, and neutral) as
ithin-subject factors, which was performed on fMRI data

xtracted from homologous ROIs traced in the left and right
lPFC (BA 10/46). This analysis yielded a significant hemi-
phere × distracter interaction (F(3, 39) = 3.03, p < 0.05), and
ost hoc analyses confirmed that the difference between the
ace and emotional distracters was greater in the right hemi-
phere (t(13) = 4.97, p < 0.0001) than in the left hemisphere
t(13) = 2.36, p < 0.02).

Hemispheric-related differences were also investigated in
lPFC regions that were identified in the left hemisphere (e.g.,
A 9). Although activity in this region survived the present

hresholds only in the left hemisphere, this region showed
pattern of activity similar to that observed in the right

lPFC. Confirming this idea, a two-way ANOVA on fMRI
ata extracted from homologous ROIs did not yield a signifi-
ant hemisphere × distracter interaction (F(3, 39) = .61, p > 0.6).
hus, although regions from the left dlPFC showed a similar pat-

ern of activity with that identified in the right dlPFC, the general
attern is consistent with a right-lateralization of the opposing
nfluences of the face and emotional distracters.
We also investigated whether activation effects in the dlPFC
ere linked to individual differences in behavioral performance.
o investigate this issue, two separate analyses were performed

o examine the brain activity associated with individual differ-
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Table 1
Brain regions showing opposing (A) and similar (B) patterns of delay activity in the presence of memoranda-confusable and memoranda-nonconfusable emotional
distracters

(A) Opposing patterns of delay activity

Face > Emo and Face > SFace and Neu > Emo Talairach coordinates (xyz) Face > Emo Face > SFace Neu > Emo

R dlPFC (BA 10/46) 44 44 22 5.67 2.20 3.07
R dlPFC (BA 9/46) 25 36 22 4.99 2.56 2.22
L dlPFC (BA 9) −44 26 37 4.68 2.93 2.22
R PFC (BA 6) 24 15 58 4.75 2.09 2.78
L LPC (BA 40) −44 −52 43 5.77 3.31 2.75
R LPC (BA 40) 40 −56 47 5.24 2.86 2.56
L SPC (BA 7) −12 −68 48 6.70 2.46 1.99
R SPC (BA 7) 12 −59 55 5.83 3.21 1.94

Emo > Face and Emo > Neu and SFace > Face Emo > Face Emo > Neu SFace > Face
L sgCG −8 11 −11 5.50 4.74 2.37
L Amy/Uncus −24 3 −14 5.89 3.77 1.97
R Amyg/Uncus 20 −1 −10 4.78 3.66 2.68
mFC (BA 6/24) 0 −12 67 4.30 2.05 2.58
L Hipp −28 −20 −9 5.33 2.42 1.78
L PG/FG (BA 36/37) −32 −36 −12 6.22 4.19 1.88

(B) Similar patterns of delay activity
Emo > Neu and Face > SFace Emo > Neu Face > SFace
R lpFC (BA 6/9) 44 2 35 5.76 3.51
R lpFC (BA 6/9) 36 5 30 6.47 3.64
R lpFC (BA 6) 37 −5 46 3.65 3.79
mFC (BA 6/8) 0 18 54 4.06 3.74
R SPC (BA 7) 24 −56 43 4.46 5.76
L SPC* (BA 7) −28 −51 58 3.20 3.07
R FG (BA 37) 40 −47 −14 4.12 3.57
L FG* (BA 37) −44 −51 −14 3.68 3.68
L OC BA (18/19) −44 −74 −3 3.41 3.21
R OC BA (18/19) 44 −78 −10 3.72 3.29
L OTC BA (19) −48 −77 19 3.32 3.23

T values of paired contrasts between the conditions of interest as resulted from whole-brain voxel-based analyses are shown for the contrasts of interest. The xyz
coordinates denote the location of the peak voxel in Talairach space (Talairach & Tournoux, 1988). The effects identified during the delay interval typically peaked
between 12 and 16 s following the onset of the memoranda. Face = face distracter trials, SFace = scrambled face trials, Emo = emotional scene trials, Neu = neutral
s PFC =
s l gyru
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cene trials. mFC = medial frontal cortex, lpFC = lateral posterior frontal cortex,
gCG = subgenual cingulate gyrus, Hipp = hippocampus, PG = parahippocampa
A = Brodmann area, L = left, R = right; *extent threshold ≥2 voxels.

nces in performance in the presence of memoranda-confusable
nd memoranda-nonconfusable emotional distraction, as fol-
ows: (1) to compare the face increase and the face decrease
ubgroups and (2) to compare the emotional increase and the
motional decrease subgroups. Given that identification of brain
ctivity specifically linked to behavioral differences in WM
erformance requires analyses based on brain activity associ-
ted with trials reflecting the actual behavioral differences, only
orrect trials were these included in these analyses investigat-
ng whether behavioral differences in WM performance can
e linked to differences in the dlPFC activity. These analyses
dentified regions in the left dlPFC that paralleled the differ-
nces observed behaviorally—specifically, it showed increased
ctivity in the subjects showing an increase compared to those
howing a decrease in WM performance. These effects were con-

rmed by two-sample t tests directly comparing delay activity

n the left dlPFC in the subgroups showing increased ver-
us decreased WM performance to face (t(10) = 2.46, p < 0.02)
nd emotional (t(10) = 5.35, p < 0.0005) distracters (see Fig. 2).

3
f

p

prefrontal cortex, LPC = lateral parietal cortex, SPC = superior parietal cortex,
s, FG = fusiform gyrus, OC = occipital cortex, OTC = occipitotemporal cortex,

nterestingly, these independent comparisons identified over-
apping areas of activation that were contralateral to the right
lPFC region showing opposing effects to the face and emotional
istracters.

Furthermore, we also investigated whether activation effects
bserved in the amygdala may be linked to individual differences
n emotional ratings. To investigate this issue, across-subjects
orrelations between brain activity to emotional and neutral
istracters and subjective scores for emotional rating were cal-
ulated. This analysis showed that although activity in the
mygdala positively correlated with the emotional ratings of
oth emotional and neutral distracters, specific amygdala areas
orrelated with the rating scores for the emotional distracters
see Fig. 3).
.2.2. Similar PFC modulation by memoranda-confusable
aces and emotional scene distraction

Analyses that searched for brain regions showing similar
atterns of delay activity to both face and emotional scene
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Fig. 2. Hemispheric asymmetry in the dlPFC. Specific areas of the right dlPFC (e.g., BA 10/46) showed opposing modulation linked to the nature of distraction (i.e.,
increased activity to face distracters, and decreased activity to emotional distracters). These findings were also confirmed when faces and emotional scene distracters
were compared to their corresponding control conditions (i.e., scrambled faces and neutral scenes distracters, respectively). The blue blob on the middle panel shows
the activation map of the direct contrast between delay activity to face and emotional distracters, superimposed on a high-resolution brain image displayed in a
coronal view. The colored horizontal bar at the bottom of the brain image indicates the gradient of the t values. The line graph on the right side shows the time
courses of activity in the right dlPFC ROI. In the left hemisphere, specific dlPFC areas (i.e., the green blob on the middle panel) showed similar modulation to face
and emotional distraction linked to WM performance. The line graph on the left side shows the time courses of activity at peak voxels from overlapping areas of
the left dlPFC (BAs 9/10) identified by the separate analyses examining differences in brain activity associated with individual differences in performance in the
presence of memoranda-confusable (Face Increase > Face Decrease: Talairach coordinates −36, 48, and 27) and memoranda-nonconfusable emotional distraction
(Emo Increase > Emo Decrease: Talairach coordinates −36, 59, and 12). For simplicity, the left-side graph is plotting the time courses of the face and emotional
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eans.

istracters identified posterior lateral frontal areas that showed
reater delay activity to both distracter types than to their corre-
ponding control conditions (i.e., faces > scrambled faces and
motional > neutral scenes). No significant clusters of voxels
howed the opposite patterns of decreased activation to both

ace and emotional scene distracters (see Table 1B). Delay activ-
ty in BA 6/9 (Talairach coordinates: xyz = 44, 2, 35 T) showed

gradient in delay activity, with the perceptually more com-
lex (i.e., relative to the face and scrambled face distracters)

a
f
F
3

ig. 3. Enhanced activity in the amygdala to emotional distracters. The panel in the m
motional and face distracters (Emo > Face), superimposed on a high-resolution brain
he brain image indicates the gradient of the t values. Given that there were similar pa
f the figure illustrates the time courses of activity based on fMRI data extracted from
oordinates: −24, −5, −13, t(13) = 6.02, p < 0.0001) and right (Talairach coordinates:
nd averaged across hemispheres. The scatter plot on the left side illustrates the res
rain activity, as extracted from the peak voxel identified in the left amygdala (Talaira
orrelation with the subjective emotional ratings were identified by calculating acro
ignal to the emotional and neutral distracters extracted at the peak time point of the
ndividual rating scores to emotional and neutral distracters.
grey rectangular boxes above the x-axes indicate the onset and duration of the
= scrambled face distracters, Emo = emotional scene distracters, Neu = neutral
BA = Brodman area. In all graphs, error bars represent the standard errors of

nd the semantically richest distracters (i.e., emotional scenes)
roducing the highest level of activity, and the simplest and
eaningless distracters (i.e., scrambled faces) producing the

owest level of activity. These findings are illustrated in Fig. 4. A
ne-way (distracter type: face, scrambled face, emotional scene,

nd neutral scene) ANOVA performed on fMRI signal extracted
rom a functional ROI in the right lateral posterior PFC (see
ig. 4) yielded a significant main effect of distracter type (F(3,
9) = 9.68 p < 0.0001), and post hoc analyses showed that activ-

iddle shows the activation map of the direct contrast between delay activity to
image displayed in a coronal view. The colored horizontal bar at the bottom of

tterns of activity in the left and right amygdalae, the line graph on the right side
functional ROIs traced around the peak voxels identified in the left (Talairach

16, −5, −13, t(13) = 6.69, p < 0.00001) hemispheres in the Emo > Face contrast,
ults of the correlation between individual indices of emotional reactivity and
ch coordinates: −32, −4, −10). The voxels in the amygdala showing increased
ss-subject whole-brain voxel-based correlations on the difference in the MR
effect in the amygdala (i.e., 16 s post-memoranda onset) and the difference in
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Fig. 4. Enhanced delay activity in the posterior lateral frontal cortex linked to processing of informational load. Delay activity in specific areas of the posterior
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ateral PFC (i.e., in the precentral gyrus and extending into the inferior frontal g
pecifically, the distracters that were richest overall in informational content (i.e
nd meaningless distracters (i.e., scrambled faces) produced the lowest level of

ty in these regions was greater to face than to scrambled face
istracters, and to emotional than to neutral scene distracters
p < 0.001 for both comparisons).

Finally, we also investigated whether the effects observed
n these posterior PFC regions also showed a right-lateralized
attern of delay activity. Consistent with the idea that the
ffects of distraction differed across the two hemispheres, a 2
hemisphere: left versus right) × 4 (distracter: face, scrambled
ace, emotional, and neutral) ANOVA comparing delay activity
rom homologous posterior PFC ROIs (i.e., BA 6/9 identified
bove), yielded a significant hemisphere × distracter interac-
ion (F(3, 39) = 9.06, p < 0.0001). Moreover, consistent with a
ight-lateralized pattern of emotional distraction, post hoc anal-
ses showed that this interaction was due to the fact that the
ffect of emotion differed across the two hemispheres. Com-
ared to their control condition (i.e., neutral scenes), emotional
istracters significantly affected the delay activity only in the
ight hemisphere (t(13) = 4.94, p < 0.0002), whereas the face dis-
racters significantly affected delay activity in both hemispheres
right: t(13) = 4.06, p < 0.001; left: t(13) = 2.32, p < 0.02).

. Discussion

The present study investigated the influence of different forms
f distraction upon sustained activation in prefrontal cortex dur-
ng the delay interval of a delayed item recognition working

emory task. Consistent with our prior findings, the study iden-
ified dlPFC areas that showed opposing patterns of activity
o memoranda-confusable (increased activity) and memoranda-
onconfusable emotional distracters (decreased activity). The
pposite patterns were not observed. The present study also
dentified posterior lateral PFC regions where both types of

istracters increased delay activity relative to their respective
ontrols. These findings will be discussed in turn below.

The opposing patterns of activity evoked in the dlPFC by
onfusable face and nonconfusable emotional scene distracters

n
p

r

BA 6/9) was modulated by the overall informational content of the distracters.
tional scenes) produced the highest level of activity, whereas the least complex
ty.

eplicate, within the same study, our previous findings from
eparate studies (Dolcos & McCarthy, 2006; Dolcos et al.,
007). Importantly, our current results show that these oppos-
ng patterns occurred in the same dlPFC voxel clusters, and
hus eliminate from consideration the possibility that differ-
nt dlPFC subregions were responsible for these opposing
ffects observed in our prior studies. It is also notable that
hese dissociable patterns of dlPFC activity to emotional and

emoranda-confusable distracters were observed in the absence
f group-level behavioral differences, which rules out mem-
ry performance differences as the reason for these differing
ffects. The most parsimonious accounting of these opposing
ctivations posits that the same process is influenced by both
istracter types—i.e., the emotional distracters inhibit or other-
ise diminish this process, while the face distracters increase its

ngagement.
Decreased dlPFC activity to novel emotional scenes suggests

hat this pattern of deactivation is a response specific to the pres-
nce of emotional distraction, rather than to distracters whose
ontent is highly similar to the memoranda. We previously sug-
ested that, perhaps of their relevance to survival, task-irrelevant
motional distracters momentarily commandeer the executive
rocessing system and reallocate resources away from on-going
asks (Dolcos & McCarthy, 2006). Other work from our labora-
ory suggests that this effect may be observed even in the absence
f apparent behavioral consequences (Yamasaki et al., 2002).
he relative deactivation of dlPFC by emotional distracters is
ssociated with increased activation of the amygdala and ven-
ral lateral PFC by these same emotional distracters, suggesting
hat dlPFC deactivation may reflect an active inhibition from
hese or related ventral structures (Dolcos & McCarthy, 2006).

e favor this interpretation in the present context, but recog-

ize that it is not specific with respect to what executive control
rocess is interrupted and/or inhibited.

One possibility is that increased dlPFC to novel faces may
eflect enhanced processing demands necessary to monitor the
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ontent of WM and inhibit the inclusion into WM of dis-
racters that are highly confusable with the memoranda. This
nterpretation is consistent with evidence that dlPFC plays an
mportant role in cognitive control mechanisms (e.g., Badre &

agner, 2004; Miller & D’Esposito, 2005; Smith & Jonides,
999), which are engaged to protect the WM content from task-
rrelevant distraction (e.g., Sakai, Rowe, & Passingham, 2002).

hile this interpretation could account for the present results,
t is inconsistent with prior results from our laboratory (Dolcos,
ragel, Wang, & McCarthy, 2006) and others (Aron, Robbins, &
oldrack, 2004; D’Esposito, Postle, Jonides, & Smith, 1999; Jha,
abian, & Aguirre, 2004; Jonides, Smith, Marshuetz, Koeppe, &
euter-Lorenz, 1998) that have indicated that more ventrolateral

egions of the PFC (primarily within the inferior frontal gyrus)
re associated with inhibitory processes. The pattern identified
n the left dlPFC is consistent with this idea, as participants that
howed enhanced WM performance also showed increased brain
ctivity in this region, compared to those that showed decreased

M performance in the presence of memoranda-confusable or
emoranda-nonconfusable emotional distraction.
An alternative explanation for enhanced dlPFC activity to

emoranda-confusable distracters is that it reflects the (perhaps
artial) encoding of the memoranda-confusable faces into WM.
his interpretation is consistent with Jha and McCarthy (2000)
ho argued that delay period activation associated with vary-

ng memory loads in delayed-response working memory tasks
ere evident in only the early part of the delay-interval, and

uggested that this activity reflected differences in the initial
ncoding of the memoranda into working memory. If the face
istracters were encoded into WM during the middle of the delay
eriod, we would expect an increase in activity to occur later
n the interval as was observed here. This interpretation is not
ncompatible with the interpretation posited above, as encod-
ng of highly similar incoming novel stimuli might also lead to
nhanced processing demands to monitor and protect the WM
ontent.

The present findings also suggest a division of labor in the
lPFC across the two hemispheres, with the right hemisphere
howing general sensitivity to the nature of distraction and the
eft hemisphere linking differences in activation with behavioral
ifferences in the presence of confusable versus nonconfusable
motional distraction. This hemispheric asymmetry is consis-
ent with a the functional dissociation identified by our previous
tudy in the ventrolateral PFC, with the right vlPFC being
nvolved in coping with the general feeling of being distracted
nd the left vlPFC being involved in effective coping with the
resence of emotional distraction (Dolcos & McCarthy, 2006,
olcos et al., 2006).
The effect of increased activity to memoranda-confusable

istracters identified in the right dlPFC is inconsistent with the
ndings reported by Yoon et al. (2006), who showed reduced
lPFC activity and with the results reported by Jha et al. (2004),
ho did not find differences in the dlPFC. There are two possible
xplanations for these discrepancies: the first related to differ-
nces in the experimental design and the second related to the
anner in which the data analyses were performed. Concerning

he first explanation, unlike the present study and that of Jha et al.
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tudy, the distracters in the Yoon et al. study (and in other studies
nvestigating similar issues—e.g., Postle, 2006; Postle, Druzgal,

D’Esposito, 2003) the distracters were relevant to the task and
ubjects were required to respond to them. Thus, it is possible
hat the difference in findings may reflect the engagement of dif-
erent operations to perform the tasks. With regard to the second
xplanation, the analysis of the present study did not include
ny assumption about the shape of the expected hemodynamic
esponse function. It should also be noted, however, that despite
hese differences there are also similarities between the studies.
or instance, both Yoon et al. study and the analysis investigat-

ng individual differences in the present study linked reduced
M performance to reduced dlPFC activity following the dis-

ppearance of the distracters. The novel aspect of the present
nding is that the effect observed in the left dlPFC was similar

o both memoranda-confusable and memoranda-nonconfusable
motional distracters.

A different pattern of activity was found in more posterior
ateral frontal regions, which were identified by the analyses
nvestigating the PFC areas showing a similar pattern of response
o face and emotional distracters. As Fig. 4 illustrates, delay
ctivity in specific posterior lateral frontal areas (BA 6/9) showed
gradient in delay activity, with the emotional distracters (which
ere the richest in overall informational content) producing the
ighest level of activity, while the scrambled face distracters
which were the poorest perceptually and semantically) produc-
ng the lowest level of delay activity. Although BA 6 is not
ypically included as a part of the dlPFC, the patterns observed
ere are consistent with evidence that activity in this region is
ensitive to manipulations of WM load (see review by Cabeza

Nyberg, 2000).
The pattern of activity observed in this region is slightly

ifferent than that observed in more anterior inferior frontal
ortex (IFC) areas/vlPFC (BAs 45/47), which we also reported
n our previous study (Dolcos & McCarthy, 2006). Different
han the more posterior lateral frontal region identified here
BA 6/9), the more anterior IFC/vlPFC areas show a pattern
f activity similar to that observed in the amygdala (i.e., greater
ctivity to the emotional than to all other distracter categories).
hese findings suggest a possible functional dissociation along

he anterior–posterior axis in the right lateral frontal cortex,
ith more anterior IFC areas showing a pattern of activity that

ncreases proportional to the emotional content of the distracters,
nd the more posterior lateral frontal cortex showing a pattern
f activity that increases proportional to the informational com-
lexity (perceptual and/or semantic content) of the distracters.
hus, it is possible that activity in this posterior frontal region
as sensitive to the ‘informational load’ of the novel distracters
resented during the delay interval of the WM task, which might
ave been unintentionally processed even though they were task-
rrelevant. However, this idea needs further empirical validation.

The right-lateralized pattern observed in the effect of emo-
ional distracters replicates our previous findings (Dolcos &
cCarthy, 2006) and is consistent with previous evidence con-
erning the role of the right hemisphere in processing negative
motions (Borod et al., 1998; Davidson, 1995; Dolcos, LaBar, &
abeza, 2004), although this finding should be treated with cau-
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ion given the evidence suggesting gender-related differences
n the processing of emotional information (e.g., Cahill et al.,
001). Also, this right-lateralization seems to apply to brain
ctivity reflecting general sensitivity to the nature of distraction
ut not to activity specifically linking differences in activation
ith behavioral differences in the presence of memoranda-

onfusable or memoranda-nonconfusable emotional distraction.
The fact that all of these activation effects were observed in

he absence of clear differences in performance suggests that, to
ome extent, such effects might be detected in the brain even if
hey are not associated with measurable changes in behavior. On
he one hand, if enhanced dlPFC activity reflected the engage-

ent of cognitive control operations, the absence of behavioral
ifferences might suggests that their engagement was efficient.
lternatively, if enhanced dlPFC activity reflected encoding
perations, the absence of behavioral differences might suggest
hat automatic encoding of memoranda-confusable distracters
id not reach the processing limit of the system, and thus did
ot lead to impaired performance. The latter logic may also be
pplied to explain the pattern of dlPFC deactivation in the pres-
nce of emotional distracters, which although produced effects
etectable in the brain activity they might have not been pow-
rful enough to reach the system’s limit to cope with their
resence. The present findings are consistent with both interpre-
ations: while global patterns of activity may be identified in the
bsence of a direct link to behavioral differences, identification
f patterns of brain activity specifically linked to behavioral dif-
erences can benefit from investigation of individual differences.
uture studies should aim at investigating individual differences
ther that those related to the specific behavioral task scanned,
hat may affect brain activity associated with the ability to cope
ith emotional and non-emotional distraction (e.g., personality-

elated differences, etc.).
Collectively, identification of specific dlPFC regions that are

ensitive to general modulation linked to the nature of distraction
nd specifically linked to behavioral differences in performance
n the presence of distraction has relevance for understanding
lterations in the neural mechanisms associated with general
mpairment of cognitive control (Chao & Knight, 1995; Richer
t al., 1993; Shimamura, 2000) and with specific impairment
n the ability to control emotional distraction (Mayberg et al.,
999; Watts et al., 1988). Moreover, the fact that activity in
hese regions may vary proportional to the engagement of cog-
itive control operations, even in the absence of clear behavioral
onsequences, has relevance for further investigations focusing
n early detection of functional markers of cognitive control
ecline observed in healthy and pathological aging, for investi-
ations focusing on detection of ‘asymptomatic’ susceptibility
o affective disorders, as well as for investigations involving
ssessments of changes in brain activity as a result of therapeutic
nterventions.

. Conclusions
In summary, the present study provides evidence con-
erning the role of the dlPFC in processing task-irrelevant
istracters, and identified specific PFC regions that are sen-

C

C

ogia 46 (2008) 326–335

itive to the nature of distraction and linked with differences
n performance in the presence of memoranda-confusable and

emoranda-nonconfusable emotional distraction. The present
ndings suggest that the pattern of decreased delay activity
bserved reflects the reallocation of executive control resources
y emotional distracters and, perhaps, the inhibition of cur-
ent operations. The increased dlPFC activity in the presence
f memoranda-confusable distracters may reflect the engage-
ent of executive control mechanisms that monitor WM content

nd prevent the inclusion of highly confusable stimuli (left
lPFC), or by the partial encoding of these confusable items into
M (right dlPFC). These findings have relevance for under-

tanding alterations in the neural mechanisms associated with
oth general and specific impairment in the ability to control
ognitive and emotional distraction, respectively, and provide
pecific regions that can be targeted by studies investigating
he neural mechanisms mediating the response to cognitive and
motional distraction, as well as by studies involving assess-
ents of changes in brain activity resulted from therapeutic

nterventions.
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