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Few studies have investigated how attentional control is affected by transient affective states while taking individual differences in affective traits into
consideration. In this study, participants completed a color-word Stroop task immediately after undergoing a positive, neutral or negative affective
context manipulation (ACM). Behavioral performance was unaffected by any ACM considered in isolation. For individuals high in trait negative affect
(NA), performance was impaired by the negative but not the positive or neutral ACM. Neuroimaging results indicate that activity in primarily top-down
control regions of the brain (inferior frontal gyrus and dorsal anterior cingulate cortex) was suppressed in the presence of emotional arousal (both
negative and positive ACMs). This effect appears to have been exacerbated or offset by co-occurring activity in other top-down control regions (parietal)
and emotion processing regions (orbitofrontal cortex, amygdala and nucleus accumbens) as a function of the valence of state affect (positive or
negative) and trait affect (trait NA or trait PA). Neuroimaging results are consistent with behavioral findings. In combination, they indicate both additive
and interactive influences of trait and state affect on top-down control of attention.
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INTRODUCTION

Emotional experiences frequently occur during performance of cogni-
tive tasks in daily life. Depending on the type and extent of emotion, it
can either improve or impair various aspects of cognition (Ohman
et al., 2001; Pessoa, 2009; Dolcos et al., 2011). There has been particu-
lar interest in the impact of emotion on executive function, including
the top-down control of attention. An ability to protect attention from
interfering emotional stimuli or situations is especially important in
maintaining on-going task performance and pursuing goal-directed
behaviors. In clinical disorders, such as depression and anxiety, that
are characterized by pervasive and prolonged negative emotional states,
various aspects of executive functions, such as attention control and
problem-solving, are impaired (Derakshan and Eysenck, 2009; Snyder,
2013), in turn exacerbating overall impairment in daily life. Despite
abundant evidence of a close relationship between emotion and cog-
nitive control, the circumstances under which and the mechanisms by
which emotion impairs or enhances cognitive control have yet to be
fully identified.

Some findings indicate an impairing effect of negative affect (NA)
on task performance resulting from interference by distracting emo-
tional information. For example, self-reported state NA was associated
with increased reaction times (RTs) for distracting emotional stimuli
compared to neutral stimuli in an emotional Stroop task (Crocker
et al., 2012), suggesting that in a negative mood it becomes harder
to ignore task-irrelevant emotional meaning of stimuli. In contrast,
some studies have failed to find an impairing effect of negative emo-
tion on cognitive control. Although sad mood elicited a bias in recog-
nition memory for negative words and interfered with facial emotion

Received 15 May 2014; Revised 14 November 2014; Accepted 24 December 2014

This work was supported by the National Institute of Mental Health (P50 MH079485, RO1T MH61358, T32
MH19554). The authors thank Katherine Mimnaugh and Marie T. Banich for their contributions to this project.

Correspondence should be addressed to Wendy Heller, Department of Psychology, University of lllinois at
Urbana-Champaign, 603 E. Daniel St., Champaign, IL 61821, USA. Email: w-heller@illinois.edu.

recognition, it failed to affect performance of cognitive tasks without
emotional content (e.g. Go/No-Go task and Color-Word Stroop task),
suggesting that state NA effects are restricted to certain emotion-
related cognitive processes (Chepenik et al., 2007).

In none of these investigations has trait or dispositional affect been
taken into account. However, trait NA, defined as a tendency to ex-
perience negative emotions such as anxiety, anger, guilt and depressed
mood, has also been shown to have an impairing effect on cognitive
control, separate from the influence of state NA (e.g. Crocker et al,
2012). Trait NA is associated with bias toward enhanced processing of
negative or diminished processing of positive emotional information
(Canli, 2008). Studies manipulating mood (state affect) as a function
of trait affect have also shown an interaction between the two; McCabe
et al. (2000) found that, in a neutral mood, both never-depressed and
previously depressed individuals exhibited bias to avoid negative sti-
muli. In a sad mood, however, never-depressed individuals maintained
this bias, but previously depressed individuals did not.

The presence or absence of trait NA may account for mixed findings
of state affect on cognitive task performance. However, most studies
have only examined one of these factors (state or trait) or have not
distinguished their influences, making it difficult to draw conclusions
about their additive or interactive effects. Furthermore, studies that
suggested an interactive influence of state and trait affect on cognition
used tasks with emotional distractors, while using mood manipulation
procedures for eliciting state affect, making it difficult to distinguish
the specific and interactive impact of state and trait affect on cognitive
processing. In addition, to our knowledge, there is no research system-
atically investigating the interactive effects of state and trait affect in
processing non-emotional information.

Presence or absence of trait positive affect (PA), defined as a tendency
to experience positive emotions (Watson and Clark, 1997), may also
play a role. Although few studies have examined the role of trait PA in
cognitive task performance, a substantial literature supports a role for
state PA in cognitive control (for review, see Ashby et al., 1999). State PA
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can promote cognitive flexibility and creative problem solving (e.g. Isen,
2009). It also broadens attentional scope while reducing selectivity
(Dreisbach and Goschke, 2004; Rowe et al., 2007). Since most research
has focused on state PA, questions remain about how trait PA might
affect cognitive processes or interact with other affective states.

Studies have examined neural correlates of state and trait affect as a
means to elucidate mechanisms of impact on cognitive control.
Interactions between dorsal executive and ventral affective systems
(Pessoa, 2009; Dolcos et al., 2011) have been proposed to implement
emotion—cognition interactions. A dorsal system implicated in non-
emotional executive processing involves frontoparietal regions, includ-
ing the dorsolateral prefrontal cortex (DLPFC), inferior frontal gyrus
(IFG), lateral/inferior parietal cortex and dorsal anterior cingulate cor-
tex (dACC) (Banich et al, 2009; Pessoa, 2009; Silton et al., 2010;
Dolcos et al, 2011). In contrast, a ventral system has been broadly
implicated in affective processing, including amygdala, orbitofrontal
cortex (OFC) and ventral striatum (Davidson and Irwin, 1999; Pessoa,
2009; Dolcos et al., 2011). Studies have shown that, while performing
cognitive tasks in the presence of emotional distractors, dorsal regions
are deactivated and ventral regions activated, suggesting a dynamic
interplay between them in processing emotional distractors (Drevets
and Raichle, 1998; Dolcos et al., 2011). Clinical research has also sup-
ported an interaction between dorsal and ventral systems. Studies have
shown that depression is associated with decreased activity in the ex-
ecutive system (e.g. DLPFC and dACC) and increased activity in the
ventral affective system (e.g. amygdala and rostral ACC) (Davidson
et al., 2002; Fales et al., 2008; Herrington et al., 2010).

Recent findings examining brain activity during an emotional
Stroop task indicated that trait NA was associated with reduced activity
in left posterior DLPFC, which is involved in top-down, goal-directed
control of attention, while self-reported state NA was associated with
increased activity in a region involved in more stimulus-driven atten-
tional control, mid-DLPFC (Crocker et al., 2012), a functional and
anatomical distinction emphasized in the cascade-of-control model
(Banich et al, 2009). Thus, relevant brain circuits associated with
state and trait NA appear to be dissociable. Related constructs (trait
anxiety, neuroticism) have been investigated, with results indicating
reduced activity in lateral prefrontal cortical regions and increased
activity in ventral regions for processing task-irrelevant threat-related
stimuli (e.g. fearful faces) (Bishop et al., 2004; Etkin et al., 2004).

Another line of research has examined the impact of state PA on
cognitive control. Exposure to task-irrelevant positive stimuli was asso-
ciated with increased activity in DLPFC, accompanied by improved
performance (Herrington et al., 2005), and state PA was associated
with decreased amygdala activity (Damasio et al., 2000; Blood and
Zatorre, 2001).

To examine the possibility that trait and state affect have distinct and/
or interactive effects on cognitive control in the absence of emotional
stimuli, this study manipulated affective context immediately prior to a
non-emotional task involving top-down control of attention. A measure
of trait affect was included in analyses to determine its separate and
interacting effects with state affect. A version of the color-word
Stroop task (see Silton et al., 2010, 2011) was performed during an
affective context manipulation (ACM) created using a guided imagery
task (Miller et al., 1987). Because the effects of induced affective contexts
can dissipate quickly (Chartier and Ranieri, 1989), the color-word
Stroop task was interspersed with cue words between some trials to
help maintain the affective context more robustly throughout the task.

Hypotheses were based on previous work on emotion—attention
interactions. First, it was expected that behavioral performance
would be impaired during the negative ACM and improved during
the positive ACM. Trait affect might modulate these effects.
Specifically, the impairing effect of negative ACM might be
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exacerbated as trait NA increases. Second, suppressed activity in
dorsal regions (e.g. PFC and parietal regions) and increased activity
in ventral regions (e.g. amygdala, OFC and ventral striatum) were
expected in response to state affect (induced by both negative and
positive ACM). Trait affect was predicted to modulate the pattern of
activity in associated brain regions.

METHODS
Participants

Participants (N=40, 50% female, 60% Caucasian) were paid volun-
teers recruited from undergraduate psychology classes, ranging in age
from 18 to 28 years (M=19.2, standard deviation=1.8). All were
native speakers of English, right handed and screened for abnormal
color vision, claustrophobia, history of a loss of consciousness longer
than 10 min, recent drug or alcohol use, excessive caffeine intake, lack
of sleep and any contraindications for MRI scanning.

Materials and procedure
Trait affect

Participants completed the General Temperament Survey (GTS) to
assess trait affect using the Negative Temperament and Positive
Temperament subscales (Watson and Clark, 1993). Participants were
instructed to decide whether statements mostly described them and to
rate each item as true/false.

ACM

Before the experiment, participants filled out a survey in which they
described three memories—one ‘happy’, one ‘neutral’ and one ‘sad’.
Participants then provided five cue words for each memory. Each cue
was a single word, eight letters or less, with no colors or abbreviations
and no overlap among the three sets of five words.

During the experiment, each of the three memories provided an
ACM in a within-subject manipulation. For each ACM, participants
listened to taped audio instructions [adapted from Miller et al. (1987)
and recorded by W.H.] encouraging them to focus on their memory
(e.g. ‘imagine the situation as vividly as you can’). Participants rated
how they felt before and after each ACM using the Valence and
Arousal scales of the Self-Assessment Manikin (SAM), a non-verbal
pictorial scale that measures affect (Bradley and Lang, 1994).
Participants completed a 6.4-min color-word Stroop task after each
ACM, counterbalanced for order of ACM type.

Color-word stroop task

The task contained three types of words, congruent (e.g. the word
‘blue’ presented in blue letters), incongruent (e.g. the word ‘blue’ pre-
sented in green letters) and neutral (e.g. the word ‘hour’ presented in
green letters), presented in blocks of 16 trials and 32s per block.
Neutral trials were intermixed 50:50 in congruent and incongruent
blocks to prevent the development of word-reading strategies. Each
run of the task consisted of 12 blocks (192 trials total) presented in
one of six counterbalanced block orders designed such that congruent,
incongruent and neutral blocks preceded each other equally often.
Stimulus presentation and response recording were controlled by
Psychophysics Toolbox 2 in MATLAB (Brainard, 1997). Each trial
(2000 ms +225ms onset to onset) began with the presentation of
one word for 1500 ms, followed by either a fixation cross or a cue
word presented for an average of 500 ms (£225ms). Cue words ap-
peared pseudorandomly on two-thirds of trials, counterbalanced to
ensure that they would not convey any information about the upcom-
ing Stroop word condition or the length of time between trial onsets.
There were 10 cue words for each ACM. Five of the cue words were
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generated by the participants. The other five were standardized, ACM-
congruent words selected from the set used by Gilboa-Schechtman
et al. (2000). Positive and negative words were matched on mean fre-
quency and arousal per the Affective Norms for English Words
(ANEW; Bradley and Lang, 1999). Neutral words were drawn from
the ANEW word set and matched with the positive and negative words
on frequency, length and ANEW arousal rating.

fMRI data acquisition

MR data were collected using a Siemens Magnetom Trio 3T scanner. A
total of 128 functional images were acquired for each of the three task
blocks using a gradient-echo echo-planar imaging sequence (TR 3000
ms, TE 25 ms, flip angle 90°, FOV =256 mm). Each image consisted of
50 oblique axial slices (slice thickness 2.40 mm, in-plane voxel size:
2.13mm X 2.13mm) acquired parallel to the anterior and posterior
commissures. Three volumes at the beginning of each task block
were omitted to allow the scanner to reach steady state. Prior to the
EPI sequence, a 512-slice MPRAGE structural sequence was acquired
(slice thickness 0.45 mm, in-plane voxel size 0.9 mm x 0.45mm) for
registering each subject’s functional data to standard space and gradi-
ent field maps were collected for correction of geometric distortions in
the EPI data caused by magnetic field inhomogeneity.

fMRI data reduction and analyses

fMRI data processing and statistical analysis were implemented pri-
marily using the FSL analysis package (http:/fsl.fmrib.ox.ac.uk/fsl/
fslwiki/). After motion correction via MCFLIRT (Jenkinson et al.,
2002), each time series was corrected for geometric distortions
caused by magnetic field inhomogeneity. Slice-timing correction was
then applied, followed by spatial smoothing using a 3D Gaussian
kernel (FWHM 5 mm). Each time series was then temporally filtered
with a non-linear high-pass filter (to remove drift in signal intensity)
and mean-based intensity-normalized by the same single scaling factor
prior to analysis.

Level 1 regression analyses were then performed for each ACM block
of each participant’s preprocessed functional time series data using
FILM (Woolrich et al., 2001). Statistical maps were generated via mul-
tiple regression computed for each intracerebral voxel. A separate pre-
dictor [explanatory variable (EV)] was entered for congruent,
incongruent and neutral trial types. Each EV was convolved with a
gamma function to approximate the temporal course of the blood-
oxygen-level-dependent hemodynamic response function. A per-voxel
effect-size parameter estimate () map representing the magnitude of
activation was created for each EV. Three comparisons of interest were
created by contrasting the § values of the relevant parameters to exam-
ine the effect of congruence: (i) incongruent vs neutral trials, (ii) con-
gruent vs neutral trials and (iii) incongruent vs congruent trials.
Previous research (e.g. Spielberg et al, 2011) and preliminary data
analysis indicated that the neural effects of congruence in the Stroop
task were most evident when comparing incongruent with congruent
trials (I-C contrast); this report will, therefore, focus on this contrast
for both behavioral and fMRI results.

Functional activation maps for each participant were then warped
into a common stereotaxic space [the 2009 Montreal Neurological
Institute 152 symmetrical ] mm x 1 mm X 1 mm template, resampled
to 2mm X 2mm x 2mm; Fonov et al, 2009] using FMRIB’s Non-
Linear Image Registration Tool (FNIRT; Andersson et al., 2007).

Level 2 analyses were performed to compare the I-C contrast in
different ACMs within each participant. Two ACM contrasts were
computed using a fixed-effects model: (i) negative ACM vs neutral
ACM and (ii) positive ACM vs neutral ACM. Level 3 statistical analyses
were carried out using FLAME (FMRIB’s local analysis of mixed
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effects; Woolrich et al., 2004). Means for each comparison were com-
puted across participants. Each third-level regression analysis produced
a single 8 map, the mean contrast level across participants. In addition
to the main effect of ACM type, analyses of the moderating effect of
trait affect for each contrast were conducted. Brain activation captured
in each contrast from the Level 2 analysis was entered as a dependent
variable in a multiple regression analysis with trait NA and trait PA
scores as simultaneous predictor variables. The resulting 8 map for
each predictor reflected the unique variance associated with that pre-
dictor. An alternative analysis with each trait affect variable (trait NA
and trait PA) as the only predictor confirmed the findings reported
below as still significant.

Significantly activated voxels were identified via thresholding of per-
voxel, two-tailed #-tests conducted on contrast Bs maps that were con-
verted to z scores. Monte Carlo simulations via AFNT’s AlphaSim pro-
gram (Ward, 2000) were used to estimate the appropriate cluster size
at an overall family-wise error rate of 0.05. To limit the number of
voxels under consideration, a priori regions of interest were examined
using masks of frontal cortex, parietal cortex, ACC, OFC, amygdala
and nucleus accumbens (NAc) created using the FSL Harvard-Oxford
probabilistic atlas. For each of these masks, a cluster size threshold was
computed and used only for voxels within the mask. An individual-
voxel threshold z value of 2.05 was used for all masks unless otherwise
specified. The minimum cluster sizes for the masks were frontal cor-
tex=1536 mm’, parietal cortex=1240mm’, ACC =584 mm’,
OFC = 1016 mm”’, amygdala =336 mm® and NAc =152 mm".

RESULTS
Sample characteristics

Descriptive statistics for trait NA and trait PA measured by two
subscales of the General Temperament Scale (GTS) is provided in
Table 1. Values were similar to those reported for college samples
(e.g. Watson et al., 1995).

Behavioral performance
Validity of ACM

Separate ACM (positive vs neutral vs negative) x time (pre vs post)
analyses of variance (ANOVAs) were conducted for SAM valence and
arousal ratings. For SAM valence ratings, the expected ACM x time
interaction effect emerged, F(2,78) =104.7, P<0.001, ¢ = 1.0, which
was further explored with paired f-tests comparing pre- and post-rat-
ings for each ACM. Changes in pre- and post-ratings for both positive
ACM, t(39)=8.3, P<0.001, and negative ACM, #39)=-10.2,
P<0.001, were in the expected direction, with no change for the neu-
tral ACM, #(39) =—0.3, P>0.7. Thus, self-reported affect changed as
intended for all three ACM conditions (Table 2).

A parallel analysis was conducted with SAM arousal ratings. An
ACM x time interaction effect, F(2,78)=5.5, P=0.01, £¢=1.0, was
explored with paired #tests for pre- and post-ratings of each ACM.
Ratings did not change as a function of the negative ACM,
#(39) =—1.2, P>0.2. Participants reported increased arousal after
the positive ACM, #(39) =2.1, P=0.04, and decreased arousal after
the neutral ACM, #(39) = —2.8, P=0.007 (Table 2).

Separate  ACM x time (pre vs post) analyses of covariance
(ANCOVAs) for valence ratings were conducted with trait NA or
trait PA as a covariate. The three-way interaction of Trait
NA x ACM x time was not significant, F(2,76)=1.1, P>0.3,
€=0.95, indicating that pre- and post-valence ratings for ACMs did
not differ as a function of trait NA. The Trait PA x ACM x time inter-
action was also not significant, F(2,76) =0.05, P> 0.9, ¢ =0.95. Parallel
analyses were conducted for arousal ratings. Pre- and post-ACM
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Table 1 Descriptive statistics for negative and positive temperament subscales of GTS

J. Hur etal.

Table 2 SAM valence and arousal ratings pre- and post-ACMs

Subscale Mean (s.d.) Min. Max. Skewness Kurtosis
Negative temperament 13.6 (6.9) 0 28 —0.18 —0.63
Positive temperament 179 (7.0) 3 27 —0.65 —0.79

Notes: s.d., standard deviation; GTS, General Temperament Scale. Possible minimum and maximum
score is 0 and 28 for negative temperament scale, and 0 and 27 for positive temperament scale. s.d.
values are in parentheses. A skewness and kurtosis value of £1 is considered good for most
psychometric uses.

arousal ratings did not differ as a function of trait NA, F(2,76) =0.8,
P>0.4, £¢=0.86, or trait PA, F(2,76) =0.2, P>0.8, ¢ =0.85.

Color-word stroop task

Mean color-naming accuracy across participants was 93%. An ACM
(positive vs neutral vs negative) x Congruence (incongruent vs congru-
ent vs neutral trials) ANOVA confirmed the expected main effect of
Congruence on accuracy, with an average of 3.6 more errors (out of
192 trials) on incongruent trials than on congruent trials,
F(2,78) =6.4, P=0.004, £¢=0.9. ACM did not affect number of
errors (P>0.5) or interact with Congruence (P>0.2).

A parallel ANOVA analysis on RT also showed the expected main
effect of Congruence, F(2,78) =81.4, P<0.001, ¢ =0.85. RT for incon-
gruent trials was slower than for neutral trials, F(1,39)=42.1,
P<0.001, and RT for neutral trials was slower than for congruent
trials, F(1,39) =59.6, P<0.001. A marginal main effect of ACM on
RT, F(2,78)=2.8, P=0.06, ¢=1.00, revealed a slightly longer RT
overall in negative ACM than neutral ACM, F(1,39) =4.2, P=0.046.
However, there was no ACM x Congruence interaction,
F(4,156) =0.48, P>0.7, £¢=0.89. Thus, ACM condition alone did
not influence interference.'”

ACM and trait affect

To investigate the interactive effect of ACM and trait affect on RT,
separate ACM x Congruence ANCOVAs for RT were conducted with
trait NA or trait PA as a covariate. With trait NA as a covariate, the
Congruence effect emerged again and will not be considered further.
An ACM x Congruence x Trait NA interaction, F(4,152)=2.7,
P=0.036, £ =0.95, was explored with contrasts that revealed slower
RT for incongruent vs congruent trials (more interference) after nega-
tive ACM than after neutral ACM as a function of increasing trait NA,
F(1,38) =4.5, P=10.04 (Figure 1).

Regression analyses were conducted separately for each ACM, with
trait NA predicting interference. Trait NA predicted interference after
the negative ACM, R?=0.179, t(38) =2.9, P=0.007, but not after
positive ACM, R>=0.028, t(38) =—1.1, P>0.2 or neutral ACM,
R?=0.001, t(38) = —0.14, P> 0.8. With trait PA as the covariate, no
effects involving Congruence emerged, F(4,152)=0.30, P>0.8,
e=0.9.

Separate ACM x Congruence ANCOVAs for accuracy were con-
ducted with trait NA or trait PA as a covariate. There was no modu-
lation by either trait NA, F(4,152) =0.36, P=>0.8, ¢ =1.0, or trait
PA, F(4,152) =0.63, P=>0.6, £ = 1.0.

" For behavioral data analysis, ANOVA was conducted with ACM (positive, neutral and negative) and Congruence
(congruent, incongruent and neutral) as within-subject independent variables and accuracy (or RT) as the depend-
ent variable. Mauchly's test indicated that the assumption of sphericity had been violated in effects for Word type,
xz =11.1, P=10.004, and Word type x ACM, xz =21.8, P=10.01. Therefore, degrees of freedom were corrected
using Huynh-—Feldt estimates of sphericity for all analyses.

? There were no interactions of ACM order with any combination of emotion variables for RT, F(4,152) = 0.38,
P>0.8, or accuracy, F(4,152) =0.38, P> 0.3. Therefore, ACM order was not considered in the analyses.

Positive ACM Neutral ACM Negative ACM

Pre  Post Mean change Pre  Post Mean change Pre  Post Mean change

Valence 5.1 27 24% 49 49 0.0 47 69 —23%
(1.7) (1.0) (14 (1.1 (13) (1.2)
Arousal 57 49 0.8* 57 64 —07* 55 59 —05
(1.9) (2.1) 1) (7 (1.8) (1.9)

Notes: s.d., standard deviation. Rating scales are from 1 (positive valence or high arousal) to 9
(negative valence or low arousal). s.d. values are in parentheses.

*P < 0.05.

**P<0.01 (two tailed).
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Fig. 1 Stroop interference in ACMs as a function of Trait NA (plotted over the observed range of trait
NA on the x axis). Stroop interference =RTs of incongruent trials — RTs of congruent trials. NEG,
negative ACM; NEU, neutral ACM; POS, positive ACM. Each color markers indicate the data points for
the following ACMs: blue, negative ACM; green, neutral ACM; red, positive ACM.

fMRI Results
Interference effect as a function of ACM conditions

Table 3 lists brain regions that were differentially activated during
incongruent vs congruent trials (I-C contrast) in the negative and
positive ACM conditions (in contrast to neutral) and moderated by
trait affect. The I-C contrast in the negative ACM showed decreased
brain activation in left inferior and middle frontal gyrus, dACC and
post-central gyrus and increased brain activation in OFC (Figure 2).
The I-C contrast in the positive ACM showed decreased brain activa-
tion in left and right middle frontal gyrus, dACC and NAc (Figure 3).

The interactive effects of ACM and trait affect

Analyses were conducted to determine whether and how the interfer-
ence effect (I-C contrast) in the negative and positive ACM conditions
(in contrast to neutral) was moderated by either trait NA or trait PA.
In the negative ACM, high levels of trait NA were associated with less
activation in left IFG and left supramarginal gyrus (Figure 4). Trait PA
also moderated brain activation during the negative ACM. High trait
PA was associated with less activation in left IFG. High trait PA was
also associated with more activation in right supramarginal gyrus and
less activation in OFC and amygdala in the negative ACM (Figure 5).
In the positive ACM, high levels of trait NA were again associated with
decreased activation in left IFG and right post-central gyrus. Trait PA
had no moderating effect in the positive ACM.

Correlations between brain activation and behavioral
performance

A priori directional hypotheses were tested using one-tailed tests.
Brain-behavior correlations emerged only for the accuracy measure.
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Table 3 Summary of significant activation clusters
Condition Region Cluster size (mm3) Mean z value Location
X Y V4
Negative ACM Main effect L IFG 220 —2.36 -59 20 15
L Middle frontal gyrus 291 —2.54 —32 34 41
dACC 194 —2.44 0 29 21
Posterior cingulate cortex 239 —2.48 1 0 4
R Postcentral gyrus 602 —2.44 45 -22 51
OFC 155 242 -5 56 -25
Moderated by Trait NA L IFG 355 —249 —47 41 n
L Superior frontal gyrus 225 —-243 —6 2 73
L Supramarginal gyrus 466 —246 —61 -2 33
L Postcentral gyrus 213 -271 —48 =21 60
Moderated by Trait PA L IFG 716 —249 —53 22 5
R Supramarginal gyrus 123 2.55 51 —-29 39
OFC 131 —2.48 =27 15 -20
R Amygdala 69 —251 25 —4 —16
Positive ACM Main effect L Middle frontal gyrus 321 —2.70 —46 44 21
R Middle frontal gyrus 466 —2.51 31 47 19
dACC 304 —2.50 2 28 21
Posterior cingulate cortex 88 —2.48 —1 -8 44
NAC* 228 —235 3 —53 49
Moderated by Trait NA L Inferior/Middle frontal gyrus 1082 —-243 —46 34 13
R Postcentral gyrus 272 —2.47 50 —25 55

Notes: L, left; R, right; Location, coordinates are for the maximum z-stat in MNI152 2009a symmetrical space. Brain activation during incongruent vs congruent trials (I-C contrast) in negative ACM and positive
ACM was each contrasted by neutral ACM. An individual-voxel threshold z value of 2.05 was used for all masks except for NAc.

*NAc was thresholded with z=1.96.

Specifically, in the negative ACM (in contrast to the neutral ACM),
greater activation in IFG was associated with more accurate responses,
r=0.283, P=0.04, one-tailed (Figure 6). Trait NA further moderated
the effect. The higher the trait NA score, the stronger the relationship
between accuracy and IFG activation (Table 4). On the other hand,
OFC activation was negatively correlated with accuracy. In the negative
ACM (in contrast to the neutral ACM), greater activation in OFC was
associated with less accurate responses, r=.—0.339, P=0.02, one
tailed (Figure 6). None of the clusters was significantly correlated
with RT.

DISCUSSION

This study elucidates circumstances under which cognitive control is
impaired by or protected from the influence of emotion and identifies
neural mechanisms that play a role in implementing these relation-
ships. The findings demonstrate an interactive effect of state and trait
affect on cognitive control at both behavioral and neural levels.
Behaviorally, although there was no main effect of state affect,
Stroop interference in the presence of state NA was increased by
trait NA, showing that only the combination of state and trait NA
sufficed to influence performance.

Consistent with behavioral results, neuroimaging data revealed an
interactive effect of state and trait affect. Activity in primarily top-
down control regions (IFG, dACC) was suppressed in the presence
of emotional arousal (both state NA and state PA) during the cognitive
task, which is consistent with evidence from relevant work on
emotion—cognition interactions (e.g. Drevets and Raichle, 1998;
Dolcos et al., 2011). Importantly, this effect appears to be exacerbated
or offset by co-occurring activity in other top-down control regions
(parietal) and emotion processing regions (e.g. OFC, amygdala and
NAc) as a function of valence and state vs trait affect.

Specifically, state NA was associated with less activation in top-down
control regions and more activation in an emotion processing region
(OFC), which in turn was associated with impaired performance as the

need for top-down control increased (incongruent vs congruent con-
dition). These findings suggest that the emotional processing asso-
ciated with the state NA condition was accompanied by a reduction
in the top-down effortful control required for optimal task perform-
ance and a greater emphasis or prioritization of emotion processing.
Trait NA further moderated activity in top-down control regions
during the state NA condition. The higher the trait NA, the lower
the activity in these regions as task demands increased, which was
also manifested behaviorally; as trait NA increased, the relationship
between impaired performance and suppressed IFG activity was stron-
ger. Results are supported by findings that high trait anxiety (a con-
struct related to trait NA) was associated with deficient recruitment of
DLPFC in a response-conflict task in the absence of threat-related
stimuli (Bishop, 2009). Present results further suggest that trait NA
can exacerbate a pattern in which task-irrelevant negative emotion
processing (here, induced by state NA) interrupts top-down atten-
tional control.

Cognitive theories of emotional disorders often posit a vulnerability-
stress model in which a pre-existing psychological vulnerability needs
to be primed or activated by a precipitating stressor (e.g. a negative life
event or environment factors) to exert effects on information process-
ing (McCabe et al., 2000). According to cognitive reactivity theory,
people with negative cognitive schema show increased reactivity to
stressors (Ingram et al., 1998). This increased reactivity results in dis-
ruptive effects on cognitive function with persistent negative thinking
and ultimately, increased risk for depression or anxiety disorders
(Scher et al., 2005). Consistent with this formulation, elevated trait
NA in the present paradigm allowed the presence of a negative affective
context, a prototypical stressor, to activate a vulnerability to disrupted
cognitive control. Inconsistent results in previous literature with regard
to the effects of state NA on cognitive control can be resolved by the
present findings, as they indicate that simply inducing or manipulating
state NA in non-clinical populations may not be sufficient to disrupt
cognitive control. To summarize, the likelihood of observing impaired
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Fig. 2 Brain activation during the I-C contrast in negative ACM (in contrast to neutral ACM). (A) Decreased activation in dorsal areas (negative ACM < neutral ACM, in blue) and (B) increased activation in
ventral area (negative ACM > neutral ACM, in red). ACC, anterior cingulate cortex. Bars refer to 1 standard error of the mean.
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Fig. 3 Brain activation during the I-C contrast in positive ACM (in contrast to neutral ACM). (A) Decreased activation in dorsal areas (positive ACM < neutral ACM, in blue) and (B) decreased activity in ventral
area (positive ACM < neutral ACM, in blue). MFG, middle frontal gyrus; ACC, anterior cingulate cortex. Bars refer to 1 standard error of the mean.

cognitive control in negative contexts appears to depend on a pre-
existing vulnerability conferred by high trait NA.

In this study, the combination of state NA and trait PA differed
from state NA and trait NA in the observed pattern of interaction
between dorsal and ventral systems during the task. Specifically,
under state NA, the higher the trait PA, the lower the activity in IFG
as task demands increased, a pattern similar to that described for trait
NA. In this case, however, suppressed activity in IFG was offset by
increased activity in parietal regions associated with attentional control
(supramarginal gyrus) and decreased activity in emotion processing

regions (OFC and amygdala). This suggests that, when coincident
with state NA, trait PA has a protective effect for cognitive control,
preserving activity in regions associated with a dorsal executive system
and suppressing activity in regions associated with a ventral affective
system.

Trait PA has been associated with enhanced ability to regulate nega-
tive emotions and the use of adaptive emotion regulation strategies,
such as reappraisal (Nes and Segerstrom, 2006). During active re-
appraisal, increased activity of top-down control regions and decreased
activation of emotional processing regions such as amygdala and OFC
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was observed (Ochsner et al., 2002; Banks et al., 2007). As suggested by
the cascade-of-control model and studies examining temporal rela-
tionships between top-down control regions (Milham et al, 2002;
Banich, 2009; Silton et al., 2011), increased activity in parietal regions
may indicate a compensatory response to decreased activity in frontal
control regions, maintaining attention while suppressing emotional
processing (Peterson et al., 1999).

Left Supramarginal gyrus

Left IFG

W High Trait NA

Low Trait NA

s .
4] ] ‘

IFG Activity

NEG NEU

Fig. 4 Interaction of negative ACM and Trait NA. High trait NA was associated with lower activation in
dorsal regions (IFG, supramarginal gyrus) during the I-C contrast in the negative ACM (in contrast to neutral
ACM) (in blue). NEG, negative ACM; NEU, neutral ACM. Bars refer to 1 standard error of the mean.
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Similar to state NA, state PA was associated with less activity in top-
down control regions (IFG and dACC) but was accompanied by less
activity in emotion processing regions (NAc), which suggests that dif-
ferential cognitive control mechanisms are involved depending on the
valence of the to-be-ignored emotional information. As suggested for
trait PA, state PA may also provide a protective mechanism for main-
tenance of cognitive control. Any detrimental effect of a disturbance in
top-down control regions (IFG and dACC) elicited by the salience of
affective information irrelevant to the task may be offset by the accom-
panying decreased activity in the ventral system (here, NAc).

By employing an experimental design capable of dissociating the
influence of state and trait affect on cognitive control, this study dem-
onstrates that a more dynamic interaction between dorsal and ventral
systems is involved as a function of state and trait affect than the
dichotomous relationships suggested by existing literature (i.e. deacti-
vation in dorsal regions and activation in ventral regions). Specifically,
findings suggest that different emotional states elicit differential pat-
terns of neural activity and performance as task demands increase as a
function of different levels of trait affect. For example, an intensified
imbalance in top-down and stimulus-driven attentional control re-
gions was observed when state NA and trait NA were combined. On
the other hand, the imbalance between dorsal and ventral systems
under state NA was offset by boosting activity in another executive
area (supramarginal gyrus) and suppressing activity in affective regions
(OFC, amygdala) when combined with trait PA.

This study has some limitations. There are many other components
of executive function than those probed by the color-word Stroop task.
With few exceptions, most have not yet been systematically examined
in affective contexts while individual differences in trait affect are con-
sidered. More work is needed to understand the relationship between
everyday affective states and different components of executive func-
tion, as well as how trait affect moderates this relationship.

Present findings may have implications for the clinical literature.
Negative affective vulnerability (trait) and negative affective context

B
R Supramarginal gyrus
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Fig. 5 Interaction of negative ACM and Trait PA. (A) Trait PA was associated with lower activation in left IFG and ventral regions (amygdala and OFC) during the I-C contrast in the negative ACM (in contrast to
neutral ACM) (in blue). (B) Trait PA was associated with greater activation in right supramarginal gyrus during the I-C contrast in the negative ACM (in red). NEG, negative ACM; NEU, neutral ACM. Bars refer to 1

standard error of the mean.
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Fig. 6 Correlation between brain activation and accuracy in negative ACM vs neutral ACM. During the negative ACM (in contrast to neutral ACM) (A) more accurate responses were associated with increased IFG

activation and (B) less accurate responses were associated with increased OFC activation.

Table 4 Interaction of IFG activation and trait NA predicting the accuracy level

Variable DV =accuracy level in NEG vs NEU

Beta® P AR

Entered separately

Trait NA —0.08 0.60 0.01
IFG activity in NEG vs NEU 0.18 0.28 0.03
Entered simultaneously
Step 1
Trait NA —0.04 0.82 0.03
IFG activation in NEG vs NEU 0.17 0.33
Step 2
Interaction (Trait NA x IFG activation) 1.1 0.004** 0.23

Notes: NEG, negative ACM; NEU, neutral ACM.
“Standardized betas.

*P < 0.05.

**P <0.01.

(state) in interaction, not in isolation, were associated with impair-
ment of cognitive control. Thus, a negative context may act as a cata-
lyst in individuals with high trait NA to exert an impairing influence
on top-down attentional control. It is conceivable that disrupted cog-
nitive control serves to promote or maintain depression and anxiety.
Further investigation of trait NA and its role in stress responses in
clinical populations is needed to explicate whether and how the rela-
tionship between state and trait NA and its effects on cognitive control
contribute to the onset and maintenance of emotional disorders.
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