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Article history: The present study investigated the impact of auditory-induced mood on brain processing of cognitive
Received 15 June 2010 control using a Stroop color-word interference task. A total of 135 positive, negative, and neutral sounds
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(45 of each) were presented in separate blocks for a mood induction procedure, which was then followed
by a Stroop color-word task in each trial. Event-related potentials (ERPs) were recorded for color-word
congruent, incongruent and neutral (color-word irrelevant) words and subjects named the printed colors
of the words by pressing the appropriate key (irrespective of word meaning). Response latency was
delayed during incongruent vs. neutral trials, and this cost did not interact significantly with mood states.
Cognitive control ERP data showed prolonged peak latencies in the P200 component and more negative deflections in the
Stroop interference Late Positive Component (LPC, 450-550 ms) during incongruent vs. neutral conditions, regardless of mood
N450 states. Moreover, the negative deflections (N450) in the 450-550 ms interval of the incongruent- neutral
difference waves, which index cognitive control effect in brain potentials, was more pronounced in the
pleasant, but not in the unpleasant, mood state when compared with the neutral mood state. These data
suggest that, pleasant mood intensifies brain processing of cognitive control, in a situation requiring
effective inhibition of task-irrelevant distracting information. In addition, N450 component serves as an
affective marker, embodying not only cognitive control effect in the brain but also its interaction with
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mood states.
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1. Introduction

Many situations in everyday life require inhibitory control of
task-irrelevant distracting information to accomplish goal-directed
behavior and to keep thought and action in accordance with inten-
tion. This process is cognitive control that, as indicated (Cohen et al.,
2000), is an important brain function that makes us human. There
was plentiful evidence that the implantation of cognitive control
is influenced substantially by mood states (Botvinick et al., 2001;
Rowe et al., 2007; Yuan et al., 2008). For example, high school stu-
dents are well able to control outside distracters during class time,
but this control becomes hard usually in the last lesson of a week,
when students are preoccupied by the excitement of going home
for the weekend. In addition to this anecdotal evidence, numer-
ous empirical studies have revealed a modulating effect of mood
state on the processes of cognitive control (Gray, 2001; Phillips
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etal, 2002; Rowe et al., 2007). In an early study, Gray investigated
the impact of mood on the information maintenance component
of cognitive control during a two-back working memory task that
used video excerpts as mood-induction material. Results showed
a facilitation effect of positive mood and an impairing effect of
negative mood on verbal working memory performance. Inter-
estingly, this pattern was reversed on a spatial working memory
task (Gray, 2001). In addition, Phillips and colleagues used an
emotion-memory procedure to investigate the effects of happy
mood on cognitive control by measuring response time on a Stroop
color-word task (Phillips et al., 2002). Results showed that, com-
pared to the neutral mood condition, the happy mood condition
produced greater Stroop and task-alternating costs, which served
as indices of the effects of cognitive control.

Distinct from early evidence that positive mood facilitates some
aspects of cognitive control, such as working memory and cog-
nitive flexibility (Ashby et al., 1999; Gray, 2001), recent studies
consistently revealed that positive mood induction, which is asso-
ciated with increased brain dopamine (DA) levels in frontal cortical
areas (Cohen et al., 2002; Schultz, 2002), impairs cognitive control
by decreasing the task maintenance and increasing the attention
to irrelevant, novel information (Dreisbach and Goschke, 2004;
Mitchell and Phillips, 2007). In particular, the results provided
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by Mitchell and Phillips (2007) in a recent review of the influ-
ence of mood state on executive function indicate that negative
mood has little effect on cognitive control, a higher cognitive pro-
cess that requires focused attention. In contrast, positive mood,
which is associated with heuristic thinking and divided attention
(Mitchell and Phillips, 2007), impairs cognitive control processes
such as planning and task switching most likely as a result of
impaired focused attention (Rowe et al., 2007). Consistent with
this view, a study by Rowe and colleagues revealed no significant
influence of negative mood on cognitive control during an Eriksen
flanker task, while they found an impairing effect of positive mood
(Rowe et al., 2007). In addition, a recent ERP study using an AX-
CPT (Continuous Performance Task) paradigm showed decreased
brain potentials associated with conflict monitoring during pleas-
ant mood induction (Van Wouwe et al., 2011). All these evidence
showed an impairing, instead of promoting, effect of pleasant mood
on brain processing of cognitive control. Nevertheless, the ERP
study by Dennis and Chen (2007) found no significant impact of
emotional faces on the performance of a peripheral flanker task.
More recently, Hart and colleagues used functional MRI to demon-
strate enhanced response time delay for color-word incongruent
words primed by aversive emotional pictures. Moreover, this study
provided support for the role of a set of cognitive control-related
neural structures, such as dorsolateral prefrontal cortex, inferior
frontal gyrus, and cingulated cortex, involved in this effect (Hart
et al., 2009).

Based on the previous research, it is clear that there remains
some debate regarding the impact of mood on cognitive con-
trol processes. This is likely due to the fact that cognitive control
includes multiple components (e.g., multiple forms of working
memory, task maintenance, task switching and self-monitoring;
Gray, 2001; Phillips et al., 2002), and different studies employed
distinct methods for mood induction and the quality of mood main-
tenance varied (Rowe et al., 2007; Hart et al., 2009). Despite its
multiple forms, the essential component of cognitive control is
consistently recognized as the inhibition of task-irrelevant thought
and information during the performance of the central task (Cohen
et al., 2000; Botvinick et al., 2001; Chen et al., 2008). In addition,
effective mood induction and maintenance are vital prerequi-
sites for the study of the effects of mood on cognitive control.
Static emotional scenes are useful for inducing short-lived emo-
tional responses rather than stable mood states (Yuan et al., 2007;
Dennis and Chen, 2007), while the emotion-memory procedure
and focused mood induction (followed by many trials), are effec-
tive for mood induction but not for maintenance (Phillips et al.,
2002). Consequently, both are unsuitable, to some extent, for an
investigation of the effects of mood on cognitive control. Moreover,
most of the previous studies used behavioral measures as indices
of the impacts of mood on cognitive control (e.g., response time).
Without neurophysiological measures, behavioral measures alone
are insufficient for identifying what happens in the brain during
the performance of cognitive control tasks with mood induction.
To date, few studies have used neurophysiological measures to
unravel the temporal dynamics of the modulating effects of cogni-
tive control by mood induction. Though there was recent evidence
showing smaller N2 amplitudes for mismatching probes in pleasant
mood during an AX-CPT task (Van Wouwe et al., 2011), the lack of
a negative mood condition makes it hard to attribute the results
exclusively to positive mood, instead of general mood arousal;
while probe-induced ERPs in this task may also index outcome
evaluation (e.g. whether a prior response to the “A” cue is correct)
other than response conflict monitoring. Thus, it is necessary to run
another ERP study using a different paradigm, with full considera-
tion of the above factors, for the purpose of clarifying the impact of
mood states on cognitive control and its spatiotemporal dynamics
in the brain with effective mood induction and maintenance.

Based on these considerations, the present study used ERP mea-
sures and a block design mood-priming procedure to investigate
the impact of mood on cognitive control processes. Affective sound
excerpts, each lasting between 4 and 5s, were used for stable
mood induction and were followed by a Stroop color-word task.
We utilized a block design in which only one category of affec-
tive sounds was presented in a block. The purpose of this method
was to improve the quality of mood induction and maintain the
homogeneity of the mood state in each block. To control for possi-
ble mood attenuation, we preceded each Stroop test trial with an
affective sound presentation, rather than following focused mood
induction with many trials. In addition, the Stroop color-word task
was used instead of other cognitive control tasks because the key
processing involved in this task is simple and appropriate for the
central feature of cognitive control (i.e., the inhibition of task-
irrelevant stimulus information). Consequently, task performance
was less likely to be affected by other cognitive faculties, such as
attention span (Rowe et al., 2007) or working memory (Gray, 2001).

Moreover, it is known that brain processing of cognitive con-
trol involves multiple stages, such as early perceptual processing
and attention elicitation that provide a basis for the subsequent
inhibitory control, and the late stage of conflict detection and res-
olution (Qiu et al., 2006; Chen et al., 2008; Yuan et al., 2008). The
former process was evidenced to be associated with an early frontal
P2 activity (Chen et al., 2008; Qiu et al., 2006), while the latter pro-
cess was indicated to be indexed by a Late Positive Component
(LPC) in brain potentials (Markela-Lerenc et al., 2004; Peng et al.,
2004; Liotti et al., 2000). Particularly, the LPC ranges from about
350-600ms and was reported more negative during the cogni-
tive control compared to non-control conditions. This effect was
often manifested by a pronounced N450 component in the differ-
ence waves whose amplitude behaves as a direct index of the size
of cognitive control effect (Qiu et al., 2006; Chen et al., 2008; Liotti
etal.,2000). Based on these evidence, the LPC amplitude differences
between cognitive control and non-control conditions would vary
across mood states if mood has a significant impact on cognitive
control in the present study. This impact would then be manifested
by different amplitudes across mood states in N450 component of
the difference waves which, as stated above, directly indexes the
size of cognitive control effect. Therefore, the present study ana-
lyzes early P2, and late LPC components, especially focusing on
the mood and stimulus type interaction on the LPC amplitudes
that indicates an influence of mood on cognitive control process-
ing. Because several behavioral studies have shown that positive
affect, which worsens focused attention and enhances divided
attention (Mitchell and Phillips, 2007), impairs cognitive control
performance during Stroop tasks (Phillips et al., 2002; Rowe et al.,
2007), we hypothesized that subjects may commit more errors in
labeling ink colors during color-word incongruent trials along with
smaller N450 activity for correct performance trials in the pleas-
ant block. Alternatively, given that fast and accurate performance
of color naming is overtly required in the experiment, the sub-
jects’ behavioral performance is also likely non-impaired with the
engagement of more mental efforts for inhibiting task-irrelevant
semantic information in the pleasant mood. In this case, subjects
would achieve similar task performance in the presence of inten-
sified cognitive control in the brain, which would be reflected by
larger N450 amplitudes, i.e. larger differences between cognitive
control and non-control conditions in LPC amplitudes, in the pleas-
ant compared to other mood states.

2. Materials and methods
2.1. Subjects

Participants were 14 paid, college student volunteers (7 males, 7 females)
enrolled at Southwest University in China. They were between the ages of 19 and
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26 years (mean age: 21.8). All subjects were right-handed, and free of color blind-
ness. Further, each subject had normal or corrected-to-normal vision, reported no
history of affective disorders and was not taking any psychiatric medications. The
study was approved by the local review board for human participant research, and
each subject gave informed consent prior to participating in the experiment.

2.2. Stimuli and experimental procedure

The present study used the Stroop interference task. A block design method was
adopted for mood induction. Depending on the mood state, the experiment was
divided into three blocks: pleasant, neutral and unpleasant. Therefore, the audio
stimuli used in each block shared the same valence and induced a single kind of
mood. This is a double-blind procedure about the block sequence. The order of
blocks was randomized across subjects. Each block contained 135 trials, including
45 incongruent trials consisting of four color words (red, yellow, green, blue, written
in Chinese), each written in a color not matching the word meaning (e.g., the word
“green” written in red ink); 45 congruent trials consisting of the four words written
in the color matching the word meaning (e.g., the word “red” written in red ink);
and 45 neutral trials consisting of three color- irrelevant words (ball, watch, pen,
written in Chinese) written in each of the four colors.

The onset sequence of the three types of stimuli was randomized for each sub-
ject. Prior to the presentation of each word, an affective sound excerpt was delivered
to a set of earplugs through air tubes to prevent electromagnetic artifacts from
becoming part of the affective context. The 135 pleasant, neutral and unpleasant
sounds were selected from the native Chinese Affective Digitized Sound system
(CADS; Liu et al., 2006). Based on the dimension theory of emotion (Lang, 2002),
CADS was developed in the Key Laboratory of Mental Health at the Chinese Academy
of Sciences, using the method normalized by NIMH (Bradley and Lang, 1999). The
purpose of its development was to facilitate the study of auditory-induced affect
in Chinese-speaking population. To develop CADS, researchers collected 850 sound
excerpts and ultimately kept 453 that possessed both fine sound quality and clear
meanings for normative rating. The pretest for this system showed that CADS is reli-
able for emotional induction (Liu et al., 2006). A one-way ANOVA of valence showed
higher valence scores for pleasant sounds (6.81) than for neutral sounds (4.86); in
turn, the valence scores for the neutral sounds were higher than those of the nega-
tive sounds (3.33; F(2,132)=614.9; p<0.001). On the other hand, a one-way ANOVA
of arousal showed a similar pattern of medium arousal for pleasant (5.43), neutral
(5.23) and unpleasant sounds (5.64, F(2,132) = 2.86; p > 0.05). The size of the Chinese
characters was Song Ti No. 28 1.4° (horizontal) x 1.4° (vertical), and was displayed
at random at the center of a 17-in. screen.

2.3. Behavioral procedures

Subjects were seated approximately 80 cm from a computer screen in an acous-
tically isolated room. Prior to the experiment, subjects were told that they would
be participating in a color-naming task; they were instructed to rest their left mid-
dle, left index, right index and right middle fingers on the s, d, j and k keys, each
of which represented one color. Each trial was initiated by the presentation of a
small, black cross in the center of a silver display screen; this concurred with the
4 or 5s presentation of an affective sound excerpt. Between 300 and 500 ms after
the offset of the fixation cross and the sound excerpt, a stimulus word written in
one of four colors was presented. Subjects were asked to identify the color in which
the word was written as quickly and accurately as possible by pressing the but-
ton corresponding to the proper color. Word presentation was terminated by a key
press or after 1500 ms, whichever occurred first. Therefore, responses had to be
given within this time limit. Each response was followed by a 1000 ms presenta-
tion of a blank screen. A practice session consisting of 10 trials was used to allow
subjects to build the mapping of response fingers and colors. The practice session
repeated until subjects were familiar enough with the response map to achieve 90%
accuracy. Subjects who reached 90% accuracy during practice then proceeded to
participate in the experiment. Throughout the block, subjects were instructed to
keep their eyes fixated on the monitor rather than looking down at their fingers.
At the end of each block, subjects assessed their affective state by completing the
Positive Affect and Negative Affect Schedule (PANAS, Watson et al., 1998). They
were then given the opportunity to take a break. The next block was initiated after
subjects reported that their mood had returned to a quiet, affectively neutral state
(Fig. 1).

audio clexcerpt

+ A}

4000-5000ms 300-500ms CClor maming  1000ms

within 1500ms

Fig. 1. Schematic illustration of the behavioral procedure in a trial.

2.4. ERP recording and analysis

EEG was recorded from 64 scalp sites using tin electrodes mounted on an elastic
cap (brain products). Reference electrodes were located on the left and right mas-
toids (average mastoid reference, Luck, 2005), and a ground electrode was placed on
the medial frontal aspect. Vertical electrooculograms (EOGs) were recorded supra-
and infra-orbitally at the left eye. The horizontal EOG was recorded from the left vs.
right orbital rim. The EEG and EOG were amplified using a DC~100 Hz bandpass and
were continuously sampled at 500 Hz/channel. All inter-electrode impedance was
maintained below 5 kS2. Averaging of ERPs was computed off-line. Eye movement
artifacts (blinks and eye movements) were rejected offline and a 16 Hz low-pass
filter was used. Trials with EOG artifacts (mean EOG voltage exceeding £80 jLV)
and those contaminated with artifacts due to amplifier clipping or peak-to-peak
deflection exceeding +80 .V were excluded from averaging. The percentage of tri-
als rejected for each condition was low enough (<7%) for a sufficient number to be
used for ERP averaging.

The EEGs for correct responses during either word condition (incongruent vs.
neutral) were averaged for each block. The number of trials with correct responses
were no less than forty for each of the six mood and stimulus type conditions. There
were 41.59 trials for unpleasant, 41.71 trials for neutral and 42.07 trials for pleas-
ant blocks during color-word incongruent condition; while there were 41.30 trials
for unpleasant, 41.45 trials for neutral and 41.55 trials for pleasant blocks during
the color-word neutral block. ERP waveforms were time-locked to the onset of
word stimuli, and the averaged epoch for ERPs was 1000 ms (including a 200 ms
pre-stimulus baseline). The following electrode sites were selected for statistical
analysis: F3, Fz, F4, FC3, FCz, FC4, C3, Cz, C4, CP3, CPz, CP4, P3, Pz and P4. We did not
include color-word congruent trials for analysis to avoid the facilitation effect often
found in cognitive control studies (Schroeter et al., 2004, 2007; MacLeod, 1991).
Inspection of the averaged ERPs showed a pronounced P2 in the 150-250 ms time
interval, and an LPC (late positive component) in the 450-550 ms time interval dur-
ing both word conditions, irrespective of mood (Fig. 3). Moreover, there was an
obvious effect of color-word interference in the LPC (450-550 ms) time interval,
although the strength of these effects varied across mood conditions (Fig. 4). There-
fore, we measured the peak latencies and amplitudes of P2 (150-250 ms), and the
averaged amplitudes of LPC (450-550 ms) in each individual subject. Then, repeated
measures analysis of variance (ANOVA) were conducted on the peak amplitudes
and latencies of P2, and on the average amplitudes of the LPC component using
the following factors as repeated factors: mood (three levels: pleasant, neutral and
unpleasant), stimulus type (two levels: incongruent and neutral), frontality (five
levels: frontal, frontocentral, central, centroparietal, parietal) and laterality (three
levels: left, midline, right) as repeated factors. Instead of peak amplitudes, average
amplitudes were measured for the LPC time window because there were no obvious
peaks in the 450-550ms interval during the incongruent condition. The degrees
of freedom for the F-ratio were corrected according to the Greenhouse-Geisser
method.

3. Results
3.1. Behavioral performance

Incorrect responses were rare, as each subject achieved more
than 90% accuracy in the color-word incongruent and neutral con-
ditions of each block. In addition, response accuracy was similar
in the unpleasant (92.1%), neutral (92.4%) and pleasant (93.0%,
F(2, 26)=1.24; p=0.31) blocks, irrespective of stimulus type. The
ANOVA of response time (RT) data did not reveal a significant mood
by stimulus type interaction (F(2, 26)=0.15; p=0.86). The size of
the incongruent-neutral difference was 58.9ms for the unpleas-
ant mood state, 59.2 ms for the pleasant mood state, and 64.2 ms
for the neutral mood state. However, there was a significant effect
of stimulus type (F(1, 13)=49.53; p<0.001), as incongruent words
(728 ms) elicited longer RTs than neutral words (667 ms). In addi-
tion, color-naming responses were faster during pleasant (679 ms)
than unpleasant (712ms; p<0.01) or neutral (700ms; p<0.1)
blocks, which is evident by a trend of mood effect (F(2, 26)=2.99;
p<0.07). Therefore, despite enhanced overall performance in the
pleasant mood condition, mood state had no significant influence
on cognitive control at the behavioral level.

3.2. Mood induction assessed by PANAS

A repeated-measures ANOVA of scores on the positive scale
showed a significant effect of mood (F(2, 26)=7.94, p<0.01). Post
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Fig. 2. Left: Schematic illustration of response times (RT) for neutral and incongruent conditions during unpleasant, pleasant and neutral blocks. Right: schematic illustration

of the results of PANAS measurement during each block.

hoc analyses revealed higher scores during pleasant (31.90) than
during neutral (26.28, p<0.01) or unpleasant (25.12, p<0.01)
blocks. Moreover, the ANOVA of scores on the negative scale
showed a significant effect of mood (F(2,26)=19.99, p <0.001). Post
hoc analyses revealed higher scores during unpleasant (24.79) than
during neutral blocks (16.43, p <0.01). Scores in the neutral block, in
turn, were higher than those in the pleasant block (13.57, p<0.05).
Therefore, each block was effective at inducing the corresponding
mood state (Fig. 2).

3.3. ERPresults

A repeated measures ANOVA of P2 amplitudes showed nei-
ther main effects of mood (F(2, 26)=0.98, ns) and stimulus F(1,
13)=0.32, ns), nor their interaction (F(2,26)=1.86, ns), whereas the
main effect of frontality was significant (F(4, 52)=18.08, p<0.01).
Central and frontal sites recorded larger amplitudes than did pos-
terior sites. The analysis of P2 latencies demonstrated significant
main effects of frontality (F(4,52)=5.46, p <0.05) and laterality (F(2,
26)=5.85, p<0.05), as well as a laterality and stimulus interaction
(F(2, 26)=4.88, p<0.05). P2 peaked earlier at central and frontal
sites (mean: 198.5 ms) than at parietal scalp sites (mean: 205.1 ms),
whereas peak latencies were prolonged at right sites in comparison
to left and midline sites. The breakdown of the laterality and stim-
ulus interaction showed prolonged peak latencies for incongruent
words in comparison to neutral words at right-lateralized sites
(205.4 msvs.208.9 ms, p <0.05), but not at the midline (198.6 ms vs.
200.1 ms) or left (201.8 ms vs. 202.9 ms) sites. However, the main
effects of mood (F(2,26)=0.22, ns), stimulus F(1,13)=0.80, ns); and
their interaction (F(2, 26) = 0.85, ns) all failed statistical significance
(Fig. 3).

The ANOVA of the LPC amplitudes revealed significantly less
pronounced amplitudes for incongruent than for neutral words,
which is evident from the significant main effect of stimulus
type (F(1, 13)=27.55, p<0.001). Moreover, there were signifi-
cant interaction effects between frontality and laterality (F(8,
104)=10.79, p<0.001), and between laterality and stimulus type
(F(2, 26)=7.20, p<0.01). The amplitudes in this interval were
largest at the midline parietal scalp sites, whereas the color-
word interference effect (measured by the incongruent-neutral
ERP differences) was more pronounced at left than at right sites
(Fig. 4). Furthermore, there was a significant interaction between
stimulus type, mood and frontality (F(8, 104)=2.95, p=0.005).
To deconstruct this three-way interaction, we broke down the
factor of frontality and analyzed the stimulus type and mood
interaction at each frontality level. This analysis did not reveal
a significant interaction between mood and stimulus type at the

frontal (F(2, 26)=0.37, ns) or centrofrontal (F(2, 26)=0.05, ns)
sites. The size of the color-word interference effect was similar
across mood conditions at these sites (1.28 wV for the unpleas-
ant, 1.35wV for the neutral and 1.54 wV for the pleasant mood
states).

However, there was a significant stimulus and mood inter-
action at the central (F(2, 26)=3.98, p<0.05) and centroparietal
(F(2, 26)=6.67, p<0.05) scalp sites, as well as a trend of stim-
ulus and mood interaction at the parietal scalp sites (F(2,
26)=2.96, p<0.07). To further breakdown the stimulus and
mood interaction, we tested the simple effect of stimulus in
the pleasant, unpleasant and neutral blocks respectively at
central-to-parietal scalp sites. The results showed a significant
stimulus effect during both pleasant (F(1, 13)=16.87; p=0.001;
Mincongruent-neutral = 6.93 —9.07=-2.14); neutral (F(1, 13)=8.83;
P<0.05; Mincongruent-neutral =6.60 —8.01=—-1.41) and unpleasant
(F(1, 13)=9.28; p<0.01; Mincongruent-neutral =6.61 —7.99=—-1.38)
mood states. However, the size of the color-word interference
effect, namely, the size of amplitude differences between incon-
gruent and neutral conditions, was significantly larger during the
pleasant mood than during the neutral (F(1, 13)=7.25; p<0.05)
mood. Neutral mood condition, in contrast, displayed similar size of
interference effect as the negative mood condition (F(1, 13)< 1, ns).
To better present these results, we computed incongruent-neutral
difference ERPs that directly index cognitive control effect in brain
potentials (see Fig. 4). The difference ERPs in the 450-550 ms
interval, as embodied by a clear N450 component, showed more
pronounced amplitudes during pleasant than during the other two
mood conditions (F(2, 26)=5.23; p<0.05). Therefore, we observed
an impact of mood induction on cognitive control in the LPC time
interval (450-550 ms), with enhanced brain processing of cognitive
control in the pleasant mood state. This was manifested by enlarged
N450 amplitudes in the incongruent-neutral difference ERPs in the
pleasant mood state (see Fig. 4).

To verify whether the stimulus effect measured in the LPC inter-
val was indeed associated with cognitive control of incompatible
word meanings, we conducted a correlation analysis between the
N450 amplitudes and the incongruent-neutral RT cost in the neutral
mood block, where the stroop effect was free of mood influences.
The results showed a significant negative correlation between N450
amplitudes and RT costs, with the RT costs increasing with more
negative amplitudes (r=—0.64, p <0.02). In addition, the same pat-
tern of correlation was also observed in the pleasant mood state
(r=-0.51; p<0.04), during which the cognitive control effect in
brain potentials was enhanced. Therefore, in the present study, the
N450 amplitudes, which resulted from the ERP differences between
incongruent and neutral conditions in the 450-550 ms interval,
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blocks.

were valid ERP markers of the cognitive control effect and its inter-
action with mood state.

3.4. Control analysis: whether sex moderates the impact of mood?

In order to examine whether sex moderates the effect of cogni-
tive control and its association with mood, we conducted a control
analysis of LPC amplitudes, which embodied the effect of cog-
nitive control in brain potentials, by adding sex as a covariate.
The results showed no significant effect of gender on LPC ampli-
tudes (F(1, 12)=0.42; p=0.53). In addition, sex did not significantly
interact with mood (F(2, 24)=3.07; p>0.5) and stimulus type (F(1,
12)=0.27; p=0.61). Moreover, the reliability of the mood, stimulus
type and frontality interaction was not significantly influenced by
sex, either; indicated by the non-significant four-way interaction
among sex, mood, stimulus and frontaltiy (F(8, 96)=0.82, p=0.51).
Therefore, sex did not significantly influence brain processing of

cognitive control and its interaction with mood states in the present
study.

4. Discussion

In line with numerous studies examining the Stroop effect
(Stroop, 1935; Tsao et al., 1981; Sumiya and Healy, 2004; Atkinson
et al,, 2003), the present study revealed a significant Stroop inter-
ference effect at the behavioral response level, with incongruent
words eliciting prolonged response latencies in comparison with
neutral words. This finding suggests that the present paradigm,
which added mood-inducing sound excerpts to the Stroop task,
is effective at generating the classic Stroop interference effect.
Thus, the present paradigm is valid for studying the impact of
mood state on the processing of cognitive control. In addition,
behavioral responses were generally faster in the pleasant mood
condition when compared to the neutral and unpleasant mood
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Fig. 4. Top pane incongruent-neutral difference ERPs for unpleasent (solid lines), neutral (dotted lines) and (dashed lines) mood states. Bottom panel: topographical maps

for the difference ERPS in the 450-55 ms interval during unpleasent mood states.

conditions. This held true regardless of color-word congruence,
possibly because a pleasant mood promotes simple, cognitive
control-irrelevant processes like color perception (Van Loon et al.,
2010). Moreover, ERP data revealed significant Stroop interference
effects at the P2 and LPC components, as well as a significant impact
of mood state on the processing of cognitive control in the LPC inter-
val (450-550 ms). The implications of these findings are discussed
in the following sections.

The P2 component observed in this study was more pronounced
and had shorter peak latencies at the frontal and central scalp sites
than at the parietal scalp sites, regardless of mood state (see Fig. 3).
Therefore, the scalp distribution of P2 in this study fits the clas-
sic frontal P200 that is associated with perceptual analysis and
attention allocation (Bigman and Pratt, 2004; Chen et al., 2007;
Yuan et al., 2009). The magnitude of frontal P2 activity was con-
sidered an index of the intensity of perceptual processing (which
requires attention allocation to function), and the peak latency was
taken as an indication of the time required for perceptual analysis
(Chen et al., 2007; Donchin, 1981). P2 amplitudes in the present
study were prominent, but did not differ between the incongruent
and neutral conditions and among the three types of mood con-
ditions (see Fig. 3). This is likely due to the fact that P2 occurs at
an early time point (at approximately 200 ms), when information
processing occurs automatically and higher cognitive resources are
inaccessible (Sergent et al., 2005). This finding is in line with prior
studies revealing significant cognitive control-related Stroop inter-
ference effects only at late P3 or LPC (late positive component)
components in both adults and adolescents (Qiu et al., 2006; Peng
etal., 2004; Markela-Lerenc et al., 2004; Liotti et al., 2000). Thus, the
cognitive control effect and its interaction with mood may occur at
later processing stages in the present task. In addition, peak laten-
cies of P2 were delayed for right vs. left lateralized sites, as well as
in incongruent vs. neutral conditions for right instead of left sites.
This implies that the left hemisphere, as indicated by prior studies
(Franklin et al., 2008; Tokar et al., 1989), is more efficient in color
processing. Consequently, the lexical attributes of the words least
affected color perception when the left hemisphere (as opposed
to the right hemisphere) was involved in perceptual processing (Li
et al., 2003).

Central to the present study, we revealed a significant effect
of cognitive control and a significant modulating effect of mood
state on cognitive control processing in the 450-550 ms interval.

This was in agreement with the results by Markela-Lerenc et al.
(2004), which showed that semantic processing of word meanings,
as well as the interference of semantic meaning on color identifi-
cation is reflected in later ERPs in the 450-550 ms time interval.
In the present study, although subjects intentionally attempted
to attend to the color dimension of the words while ignoring the
semantic meaning during the color-word incongruent condition,
the processing of color information was inevitably interrupted by
the incongruent semantic meaning being processed automatically
(Li et al., 2003). Consequently, color and meaning bring about con-
flict and, accordingly, the activation of cognitive control-relevant
neural substrates (e.g., the anterior cingulated cortex or the pre-
frontal cortex; Markela-Lerenc et al., 2004) is required to inhibit
task-irrelevant semantic information for subjects to respond cor-
rectly. On the other hand, word meaning is irrelevant to the printed
color in the neutral condition; thus, the prioritized processing of
word meaning does not interfere (or interferes the least) with the
central task of color-naming. Therefore, incongruent-neutral dif-
ferences in behavioral or neurophysiological measures are indices
of the cognitive control effect in the present task. Consistent with
our hypothesis, we observed more negative deflections during
incongruent than during neutral conditions in the LPC interval
(450-550 ms), which was manifested by an N450 component in the
incongruent-neutral difference waves that directly index the effect
of cognitive control (Qiu et al., 2006; Peng et al., 2004; Markela-
Lerenc et al., 2004; Liotti et al., 2000).

More importantly, we observed a significant effect of stimulus
type; a significant interaction between stimulus type and lateral-
ity; and a three-way interaction among stimulus type, frontality
and mood on the LPC amplitudes of the 450-550 ms time inter-
val. Incongruent words elicited more negative deflections than
did neutral words, irrespective of mood state. This finding sug-
gests that the present mood-priming Stroop task, in line with the
classic Stroop task, is effective at eliciting the color-word inter-
ference effect and cognitive control processing (Markela-Lerenc
et al., 2004; Liotti et al., 2000; Carter et al., 1995). This interfer-
ence effect was more pronounced at the left scalp areas, which is
consistent with prior reports that the left cortical areas (e.g., the
left prefrontal and temporal-parietal regions) are more involved in
word-meaning processing and its cognitive suppression (Markela-
Lerenc et al., 2004; Liotti et al., 2000). More importantly, the
cognitive control effect, indexed by the size of incongruent-neutral
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amplitude differences in the 450-550ms interval, was signif-
icantly more pronounced during the pleasant mood condition
compared to the neutral and unpleasant mood conditions. This
effect was manifested by a more prominent N450 component in
the incongruent-neutral difference waves during pleasant mood
induction (Figs. 3 and 4). As indicated by the breakdown of the
three-way interaction, the impact of mood on cognitive control
processing was most pronounced at the central-to-parietal scalp
sites, instead of a classic frontocentral scalp distribution (Qiu et al.,
2006; Markela-Lerenc et al., 2004). This finding is likely the result
of using affective sound excerpts for mood induction, which may
involve affective memories and experiences mediated by parietal
and temporal lobes (Koelsch and Siebel, 2005).

The present study revealed that the Stroop interference effect
on behavioral measures, such as RT delay for incongruent trials,
was unaffected by mood induction. This finding is possibly due
to the inclusion of training trials and the stringent criterion for
performance (90% accuracy) in the practice session, consequently
resulting in subjects becoming familiar and skillful enough with the
task and the response pattern. Although the behavioral measures
were unaffected, the neurological effect of Stroop interference,
which was manifested by increased negativity during incongru-
ent vs. neutral conditions in the 450-550 ms interval, was more
pronounced with pleasant than with neutral or unpleasant mood
induction. This suggests that on one hand, N450 component of
brain potentials is a more sensitive measure than the response
time index, in revealing cognitive control effect and its interaction
with mood states. The N450 as an ERP marker of cognitive con-
trol effect is valid, as shown by prior studies (Liotti et al., 2000),
and by the significant correlation between N450 amplitudes and
RT costs observed in the present study. On the other hand, pleas-
ant mood has been indicated to result in reduced maintenance and
increased distractibility, consequently leading to enhanced atten-
tion to novel, task-irrelevant interfering information (Dreisbach
and Goschke, 2004). Therefore, pleasant mood probably distracts
subjects from the central task of color-naming to a greater extent
compared to unpleasant mood. Accordingly, the task-irrelevant
word meanings were likely to access more attention in the pleas-
ant mood, which must have brought in greater conflicts and thus
required more intense cognitive control, in order to accomplish the
task of labeling the word color and responding by fast and accurate
key presses, irrespective of the semantic meaning of the words.

Therefore, cognitive control of the prepotent processing of
task-irrelevant word meanings had to be enhanced in pleasant
mood than in unpleasant and neutral mood states, to maintain a
comparably good level of behavioral performance in the present
study. As a result, the N450 amplitude, which behaved as an ERP
marker of the cognitive control effect, was enhanced during pleas-
ant mood induction. This result was exclusively attributed to the
impact of pleasant mood, instead of the effect of general mood
arousal, because this effect was absent in the unpleasant block
whose arousal was matched with that of the pleasant block. Pre-
vious studies suggested that pleasant mood is associated with
increased divided attention, heuristic processing and cognitive
flexibility, thereby worsening individuals’ performance on tasks
requiring focused attention (Dreisbach and Goschke, 2004; Mitchell
and Phillips, 2007). Accordingly, empirical evidence indicates that
pleasant mood results in increased interference costs in RTs, and
decreased brain activity of conflict monitoring during classic cog-
nitive control tasks such as the Stroop, the Erikson flanker, and
the AX-CPT tasks (Phillips et al., 2002; Van Wouwe et al., 2011),
whereas unpleasant mood rarely influences this process (Rowe
et al,, 2007; Mitchell and Phillips, 2007). Based on these findings,
pleasant mood, but not unpleasant mood, was suggested to impair
processes of cognitive control (Rowe et al., 2007; Phillips et al.,
2002). Consistent with this account, we observed that pleasant

mood intensifies brain processing of cognitive control, such that
more controlling resources were recruited in the pleasant mood to
successfully inhibit task-irrelevant word meanings that otherwise
involve nearly automatic processing (Wang and Yuan, 2008; Liet al.,
2003); while unpleasant mood, which is relevant to focused atten-
tion, has no significant impact on cognitive control (Rowe et al.,
2007; Phillips et al., 2002). The present study, however, develops
our understanding of this phenomenon by showing that the impair-
ing effect of pleasant mood may also be embodied by non-impaired
behavioral performance as a result of intensified cognitive control
in the brain, in addition to the prevalent results of impaired behav-
ioral performance in the pleasant mood (Rowe et al., 2007; Phillips
et al., 2002). Moreover, we showed that N450 amplitude is a valid
index, which not only marks cognitive control effect in the brain but
also embodies how this effect interacts with stable mood states.

5. Conclusions

Using affective sound excerpts and a classic Stroop color-word
task, the present study observed that reliable mood state has a
significant impact on the brain’s processing of cognitive control.
This effect was manifested by the intensified brain processing of
cognitive control in the pleasant, but not in the unpleasant, mood
states.N450 amplitudes, which were measured by the incongruent-
neutral amplitude differences, served as markers of the cognitive
control effect in the brain and its interaction with mood states.
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