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Abstract

Carry-over effects on brain states have been reported following emotional and cogni-

tive events, persisting even during subsequent rest. Here, we investigated such

effects by identifying recurring co-activation patterns (CAPs) in neural networks at

rest with functional magnetic resonance imaging (fMRI). We compared carry-over

effects on brain-wide CAPs at rest and their modulation after both affective and cog-

nitive challenges. Healthy participants underwent fMRI scanning during emotional

induction with negative valence and performed cognitive control tasks, each followed

by resting periods. Several CAPs, overlapping with the default-mode (DMN), salience,

dorsal attention, and social cognition networks were impacted by both the preceding

events (movie or task) and the emotional valence of the experimental contexts (neu-

tral or negative), with differential dynamic fluctuations over time. Temporal metrics

of DMN-related CAPs were altered after exposure to negative emotional content

(compared to neutral) and predicted changes in subjective affect on self-reported

scores. In parallel, duration rates of another attention-related CAP increased with

greater task difficulty during the preceding cognitive control condition, specifically in

the negative context. These findings provide new insights on the anatomical organi-

zation and temporal inertia of functional brain networks, whose expression is differ-

entially shaped by emotional states, presumably mediating adaptive homeostatic

processes subsequent to behaviorally challenging events.

K E YWORD S

brain networks, co-activation patterns, cognitive control, dynamic functional connectivity

(dFC), emotions, negative affect

1 | INTRODUCTION

Transient emotions can lead to carry over effects in brain activity that

can be traced after the eliciting episodes (Borchardt et al., 2017;

Eryilmaz, van de Ville, Schwartz, & Vuilleumier, 2011; Eryilmaz, van de

Ville, Schwartz, & Vuilleumier, 2014; Harrison et al., 2008), including

changes in functional connectivity (FC) of the default-mode network

(DMN) normally active at rest (Buckner & DiNicola, 2019). Thus, fol-

lowing exposure to fearful or joyful events (e.g., in brief movie

excerpts), several core regions of the DMN such as precuneus, PCC,
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and VMPFC show enhanced coupling with limbic brain areas including

insula, anterior cingulate cortex (ACC), amygdala, and/or striatum as

compared to standard neutral rest conditions (Eryilmaz et al., 2011;

Eryilmaz et al., 2014). These lingering effects of emotional events on

brain states may promote adaptive changes in response to challenging

situations, but also provide a neural substrate for maladaptive emo-

tional inertia and ruminative processing characterized by altered emo-

tion regulation (Kuppens, Allen, & Sheeber, 2010). Moreover, changes

in emotional states (e.g., following emotional induction or depending

on affective traits) are associated with behavioral modifications in var-

ious emotional, social, and cognitive tasks performance (Qiao-Tasserit

et al., 2017; Qiao-Tasserit, Corradi-Dell'Acqua, & Vuilleumier, 2018).

Emotion carry-over effects on intrinsic brain activity and connec-

tivity might constitute an important biomarker of spontaneous homeo-

static regulation processes which allow the brain to return to “normal”
neutral states following transient situational challenges and acute

stress responses (Hermans, Henckens, Joëls, & Fernández, 2014). A

better understanding of neural systems mediating faster or more com-

plete recovery following exposure to negative emotional episodes

would therefore be valuable to better assess or predict maladaptive

stress responses and emotional resilience. However, previous studies

on emotion carry-over effects (Eryilmaz et al., 2011; Eryilmaz

et al., 2014; Harrison et al., 2008) have focused on highly arousing

(e.g., fearful) emotions, and used paradigms with relatively brief emo-

tional stimuli immediately followed by short resting periods (<2 min). It

remains to be determined whether similar carry-over effects also occur

after low arousing emotional episodes (e.g., sadness) and for longer

periods of time after intervening stimuli or tasks.

Besides emotions, cognitive challenges with high attentional

demands can also influence subsequent brain activity at rest (Barnes,

Bullmore, & Suckling, 2009; Wexler, Duyck, & Mamassian, 2015), pos-

sibly through a remodeling of specific neural pathways engaged by

the preceding tasks or stimuli (Kanai & Verstraten, 2005). Behavior-

ally, prior high demands on executive control abilities can alter subse-

quent performance on both cognitive and affective tasks (van

Steenbergen, 2015; van Steenbergen, Band, & Hommel, 2010),

suggesting an impact on partly shared brain systems for coping with

stressful situations and self-regulation such as ACC and insula

(Critchley & Garfinkel, 2017). Interestingly, negative emotions may

hamper cognitive resource restoration (Dolcos et al., 2020; Gendolla,

Tops, & Koole, 2015), while reduced attentional capacities tend to

increase rumination in individuals with low mood (Apazoglou

et al., 2019). However, it remains unresolved whether the impact of

cognitive challenges on subsequent rest involves similar networks as

those modulated by emotional events, and whether such impact

depends on prior affective state.

In the present study, we aimed to provide new insights on those

issues by addressing two related questions: (a) can negative affect

(NA) produce lasting changes in the functional dynamics of brain net-

works at rest? and (b) how those NA-related effects interact with

(i.e., amplify or attenuate) those elicited by prior engagement of

effortful cognitive control mechanisms? To address these questions,

we implemented a novel paradigm (Figure 1a) in which we probed for

the impact of NA on spontaneous brain activity during longer resting

periods (5 min), directly subsequent to movie clips with negative (sad)

emotional valence (research aim 1). NA is reliably induced by such

movies (Borchardt et al., 2017; Raz et al., 2012; Raz et al., 2016;

Shiota & Levenson, 2009; Sonkusare, Breakspear, & Guo, 2019), and

commonly associated with emotional inertia and ruminative thinking

(Kuppens et al., 2010). In addition, we examined whether changes in

neural dFC observed at rest after high demands on cognitive control

(Schmidt, Notebaert, & van den Bussche, 2015) are also influenced by

negative emotions, compared to neutral conditions (research aim 2).

For this purpose, we used Stroop and Flanker tasks for eliciting cogni-

tive control, as both tasks engage executive control to respond to

goal-relevant targets in the presence of distractors (Botvinick, Braver,

Barch, Carter, & Cohen, 2001; Egner, 2007), and both have been

shown to be sensitive to emotion and stressful situations (Egner,

Etkin, Gale, & Hirsch, 2008; Hommel, Proctor, & Vu, 2004; Mayr,

Awh, & Laurey, 2003; Mayr & Awh, 2009; Schuch & Koch, 2014).

To investigate spontaneous brain network connectivity, we

employed a dynamic FC (dFC) approach (Hutchison, Womelsdorf,

et al., 2013; Preti, Bolton, & van de Ville, 2017) based on functional

magnetic resonance imaging (fMRI)fMRI with CAPs analysis (Chen,

Chang, Greicius, & Glover, 2015; Liu, Zhang, Chang, & Duyn, 2018), in

which transient brain configurations are captured at single time points

(each time point corresponding to one TR) (Tagliazucchi, Balenzuela,

Fraiman, & Chialvo, 2012). We predicted that emotional episodes

would produce distinctive changes among functionally interactive

brain-wide networks at rest, with both temporally and anatomically

specific modulations as a function of the preceding events. In particu-

lar, we hypothesized that (a) exposure to negative emotional events

could produce lasting changes in subsequent connectivity and dynam-

ics of spontaneous resting state networks, such as the DMN, salience

(SN), or dorsal attention (DAN) networks underlying emotion regula-

tion processes; (b) negative events could also alter the connectivity

patterns of posttask resting activity subsequent to high cognitive con-

trol demands; and (c) emotional and cognitive carry-over effects on

intrinsic brain network activity might be associated with concomitant

differences in subjective affect and behavioral task performance,

respectively.

2 | METHODS

2.1 | Participants

Nineteen French-speaking female volunteers (mean age = 23.2 ± 4.3)

provided written informed consent according to the regional research

ethics committee (CCER), University of Geneva. Only female partici-

pants were recruited because pilot testing suggested stronger emo-

tional induction in women, compared to males, particularly with the

negative movie clips used here. Inclusion criteria were: no history of

neurological and psychiatric disease; known menstrual phase and no

contraceptive method to rule out hormonal effects on emotional

processing and FC (Petersen, Kilpatrick, Goharzad, & Cahill, 2014;
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Pletzer, Crone, Kronbichler, & Kerschbaum, 2016; Protopopescu

et al., 2005); no major head movement during the scanning sessions

(head motion >1.5 mm translation or >1.5� rotation in any of the

axes). Scanning was scheduled for each participant in the early stage

of the menstrual follicular phase, when the levels of estradiol and pro-

gesterone hormones are moderate (Andreano, Touroutoglou, Dick-

erson, & Feldman, 2018; Endicott, 1993). Nicotine and caffeine

consumption were prohibited 10 hr before scanning.

F IGURE 1 Paradigm design. (a) Initially, a baseline block (baseline rest) was recorded, preceded by an affective screening. Subsequently two
experimental contexts (neutral and negative) were presented in the same functional magnetic resonance imaging (fMRI) scanning session. Each
context consisted of: 1) a movie clip (5 min) followed by a rest period (movie rest1). 2) A second movie clip (5 min) and a cognitive control task
(�5 min) preceding a second rest period (movie + task rest2). The contexts were differentiated by the affective valence of the clips (e.g., two
negative films in the negative context). Then, 18 min (approx.) elapsed between the first and second experimental context, in order to implement
a second affective screening and the clips subjective assessment. The order of the affective context was counterbalanced across participants. The
Stroop and Flanker tasks were equally counterbalanced across participants and affective contexts. (b) Top: Illustration of stimuli in the Stroop task
(left) and Flanker task (right). Bottom: Trial types of each cognitive task, including congruent (C) and incongruent (I) trials that could be preceded
by either the same or opposite condition (“c” or “i” trials), in a semi-random but balanced order. This resulted in four trial types, allowing
subsequent behavioral analysis according to both current congruence (indicated by upper-case letters “C” and “I”) and congruence of the
preceding trial (indicated by lower-case letters “c” and “i”)
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2.2 | Experimental design

Upon arrival, participants started by briefly practicing the two cogni-

tive control tasks used in the subsequent fMRI session (25 trials from

the Flanker and 25 from the Stroop). Details on these tasks and their

standardization are described in Supp. Info. (“Cognitive control tasks”
section). Next, to assess their subjective affective state, participants

filled in the French version of the positive and NA schedule (PANAS).

Subsequently, they underwent the fMRI scanning session for approxi-

mately 60 min (see experimental sequence illustrated in Figure 1a). A

first resting period (baseline rest [5 min]) was recorded to provide a

general control for non-specific effects of time/repetition. Then, two

experimental contexts (neutral and negative) were sequentially pres-

ented. Each context comprised a movie clip (5 min) followed by an

experimental resting period (“movie rest1” condition [5 min]), which

allowed us to probe for carry-over effects as a function of the affec-

tive valence of the previous movie. Subsequently, a second movie

(5 min) followed by a cognitive control task (�5 min) preceded a sec-

ond experimental resting period (“movie + task rest2” condition

(5 min]). This allowed us to examine how affective carry-over effects

elicited by the second movie modulated any other differential effect

produced by the intervening cognitive demands.

The cognitive tasks were based on the Stroop and Flanker para-

digms (Figure 1b). Both tasks recruit similar executive components

(Frühholz, Godde, Finke, & Herrmann, 2011; Verbruggen, Liefooghe,

Notebaert, & Vandierendonck, 2005; Westerhausen et al., 2010).

Each participant underwent the cognitive control load twice, once in

the “neutral” context, and once in the “negative” context. These tasks

(Flanker or Stroop) were always given after the second movie in each

experimental context (see Figure 1a), since exerting control demands

during the cognitive task prior to the first movie could have modified

emotion regulation and emotion experience during this movie

(Baumeister, 2003). Note we did not aim at comparing “purely” cogni-
tive and “purely” emotional rest conditions in a fully factorial design

but focused on how emotion carry-over effects were modulated by

an intervening task engaging cognitive control processes.

The affective valence of the movies differentiated the two experi-

mental contexts of interest (i.e., two negative clips were presented in

the negative context, and two neutral clips were presented in the neu-

tral context, respectively). See experimental sequence in Figure 1.

Detailed information on the movies, affective ratings (PANAS), and

behavioral task is found in Supp. Info. (“Supplementary Methods” sec-
tion). Self-assessments on the movie clips, as well as another affective

screening (PANAS) were carried out at the end of each experimental

context.

2.3 | MRI data acquisition

MRI data were acquired using a 3 T scanner (Siemens TIM Trio) at the

Brain & Behavior Laboratory, University of Geneva. A multiband

sequence was implemented, with a voxel size of 2 mm isometric and a

TR of 1.3 s. See Supp. Info. (“fMRI data acquisition” section), for

details on data acquisition. Data preprocessing is described in Supp.

Info. (“Preprocessing for CAP analysis on resting periods” section).

2.4 | dFC analysis

Our study focused on dFC of brain activity during resting periods only

(methods and results on the brain response to movies and cognitive

task blocks is reported in supplementary material). Our analysis

followed the CAPs methodology described elsewhere (Chen

et al., 2015; Liu, Zhang, et al., 2018), and comprised three subsequent

steps as described below.

2.5 | Seed selection

A preliminary step of the CAP method is the selection of a brain seed

region whose connectivity can then be compared between conditions.

In keeping with our main goals, we selected a region of interest (ROI)

in the precuneus because: (a) it constitutes a major hub of brain net-

works active at rest, particularly the DMN (Raichle et al., 2001);

(b) previous studies showed a reliable modulation during resting state

after exposure to negative and positive emotional events (Eryilmaz

et al., 2011; Eryilmaz et al., 2014); (c) this region is also frequently rec-

ruited during affective and social tasks, particularly in relation to self-

reflective processing and introspection (Cavanna & Trimble, 2006;

Engen, Kanske, & Singer, 2017; Fox et al., 2018; Saarimäki

et al., 2018); and (d) an independent GLM analysis of the movie blocks

(not used in subsequent CAP analysis) revealed significant increases in

negative compared to neutral movies (MNI peak 4,-52, 54; K = 486

voxels; z = 6.50. p < .05 FWE corrected; see Figure 2a, Table S1). This

ROI allowed us to define a relevant “anchor” for referencing our CAP

analysis of dynamic brain connectivity during the subsequent rest

periods, in accordance with the “task–rest interaction” framework of

other studies investigating modulations of intrinsic brain networks by

preceding tasks or emotions (Eryilmaz et al., 2011; Eryilmaz

et al., 2014; Northoff, Qin, & Nakao, 2010).

2.6 | Spatiotemporal CAPs generation

Three different metrics were computed to assess temporal fluctua-

tions in the expression of each brain CAP across conditions. See

Figure 2, and (Bolton et al., 2020) for a complete description of the

CAPs pipeline. “Occurrences” corresponded to the sum of frames

assigned to each CAP among all the retained frames, across the entire

fMRI scanning runs. “Entries” referred to the number of times that

the brain entered a particular state of co-activation or co-deactivation

corresponding to this CAP. Both metrics were normalized by the total

number of each index (i.e., occurrences or entries) relative to other

CAPs, for a given condition. Therefore, they were expressed in terms

of proportions (%). In addition, “duration” (in seconds) was computed

as the average time during which a CAP was sustained when it
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emerged (i.e., the average of the number of frames, divided by the

entries and multiplied by the TR). Finally, the average of each cluster

of volumes across all blocks yielded the anatomical CAP maps, rep-

resenting the spatial configuration of these networks over all resting

conditions.

2.7 | Statistical analysis of CAPs across conditions

To compare the presence and temporal dynamics of each CAP across

conditions, we computed linear mixed models (LMMs) with the

“lmerTest” package (Kuznetsova, Brockhoff, & Christensen, 2017),

applied to the three quantitative metrics of CAPs (occurrence, entry,

duration) from each experimental condition (i.e., baseline rest, nega-

tive movie rest1, neutral movie rest1, negative movie + task rest2,

neutral movie + task rest2; see Figure 1). The first step of our analysis

allowed us to identify the most relevant CAPs (i.e., those responding

to specific conditions), by conducting an omnibus analysis with a set

of eight LMMs (one for each CAP identified by CAP analysis. See

Figure S3c). Occurrences represent the most basic -and therefore the

main quantitative parameter reflecting the relative importance of a

given CAP in a given condition, whereas entries and durations are

derivative metrics of CAPs occurrences. To account for non-

independence of repeated data, individual “participants” were

modeled as random factors, while the resting “conditions” were intro-

duced as a fixed factor with five levels (i.e., baseline rest, negative

movie rest1, neutral movie rest1, negative movie + task rest2, neu-

movie + task rest2). The dependent variable was the “occurrences”
computed for each resting condition. The R-based formula syn-

tax was:

F IGURE 2 Co-activation pattern (CAP) analysis pipeline. (a) Seed region of interest (ROI) in precuneus used for the CAP analysis and
identified by a preliminary GLM analysis, showing increased activity during negative versus neutral movies. Full GLM results on the movie clips
are found in Table S1. (b) The activity time-course from the precuneus seed is computed for each subject across all resting state blocks, and the
frames for which it exceeds a threshold Tseed = 0.5 either positively (red) or negatively (blue) are tagged. Frames corrupted by a framewise
displacement are also tagged (black) and removed from analysis. (c) A consensus resampling-based clustering algorithm was implemented to
obtain the number and membership (consensus) of reliable CAPs within our dataset. Parameters used to calculate the “consensus rate” between
all pairs of samples included 80% of item resampling, a maximum k of 12, and 50 resamplings, with Euclidean distance indices as the distance
measurement. Up: Heatmaps of consensus matrices for k = 3, k = 8, k = 12, where values range from 0 (samples are never clustered together
across consensus folds) to 1 (always clustered together), marked by white to dark red colors. Bottom left: consensus cumulative distribution
function (CDF) of the consensus matrices from k = 2 to k = 12 (k = 3, k = 8, and k = 12; indicated by red, laguna yellow, and purple, respectively),
describing how consensus entries distribute for each case. Bottom right: Delta area under the curve plot, indicating the relative change in area
under the CDF curve (a larger area change implies a larger increase in the quality of clustering at the assessed k). These results provide qualitative
(top matrices) and quantitative (bottom plots) information suggesting that k = 8 is the optimal number of clusters for classifying our functional
magnetic resonance imaging (fMRI) rest dataset. (d) Retained frames across subjects (depicted by different shades of red) undergo k-means
clustering to be separated into K different CAPs, each defined as the arithmetic mean between the subset of frames denoting one particular
network of regions (voxelwise), with which the seed was strongly co-(de)active at the same time points. Adapted from reference Bolton
et al. (2020)
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occurrences ~condition+ 1 jparticipantsð Þ

Only those CAPs showing significant variance in occurrences

across these different rest conditions were considered for all further

analyses (see Section 3 and Figure S3c). To compare the dynamics of

the relevant CAPs, a second set of LMMs was carried out on the two

other metrics (entries and durations) for those CAPs across the same

five resting conditions.

Finally, another set of LMMs was performed in which the “rest
baseline” condition was excluded to perform a 2 (emotion con-

text) × 2 (task condition) analysis, using only the four critical resting

blocks defined by our experimental manipulation. This analysis com-

prised the fixed factor “context” with two levels determined by the

movies affective valence (negative or neutral) and another fixed factor

“event” type with two levels determined by the just preceding condi-

tion (movie or cognitive task). Their respective R-based formula syn-

tax was:

occurrences ~context�event+ 1 jparticipantsð Þ

This 2 × 2 analysis allowed for evaluating separately the main

effects of preceding stimulus exposure (movie vs. cognitive control)

and emotional valence (negative vs. neutral), as well as their interac-

tions, for each temporal metric of each of the selected CAPs. In all

analyses, the resulting p values were corrected for multiple compari-

sons using false discovery rate (FDR) for multiple testing under depen-

dency (Benjamini & Hochberg, 1995; Yekutieli & Benjamini, 2001).

Finally, we tested whether the temporal metrics of relevant brain

CAPs (during rest) predicted differences in our measures of subjective

affective state (PANAS) and behavioral indices of performance in the

cognitive control tasks (interference cost). To probe for partial associ-

ations between the different CAP parameters and behavioral mea-

sures, we used generalized estimated equations (GEEs) (Ghisletta &

Spini, 2004). Here, the CAPs metrics were introduced as multiple out-

comes, and the behavioral indices (affective PANAS and RT of the

tasks) were the predictor variables. As in the LMMs, GEEs p values

were adjusted by the FDR method for multiple testing under

dependency.

3 | RESULTS

3.1 | Behavioral and neural indices of effective
emotional induction by movies

We first verified that movies with negative content induced distinc-

tive patterns in both behavior and brain measures, compared to neu-

tral movies. Affective ratings of movie clips confirmed a reliable

difference in emotional experience with more negative valence and

higher arousal elicited by the negative compared to neutral movies

(Supp. Info. [“Supplementary results” section] and Figure S1a). PANAS

scores of subjective affect also differed between the prescanning and

postscanning measures according to the emotional context, with

significant increases in the NA scores following negatively valenced

movies (Figure S1b). Further behavioral results concerning the movies

are described in Supp. Info. (“Psychological indices of affective stimu-

lation” section).
As expected, fMRI data showed higher brain activity for the con-

trast “negative > neutral” movies (FWE p < .05) across several regions

including anterior insula, putamen, orbitofrontal cortex, middle frontal

gyrus, as well as the lingual, inferior occipital, and precuneus (see

Table S1, for detailed GLM-based fMRI results). These increases are

consistent with greater engagement of perceptual processes, social

cognition (SC), emotional appraisal, and memory systems in response

to sad scenarios in these movies (Chen, Gilmore, Nelson, &

McDermott, 2017; Elman, Cohn-Sheehy, & Shimamura, 2013;

Göttlich, Ye, Rodriguez-Fornells, Münte, & Krämer, 2017).

3.2 | Behavioral performance in cognitive control
tasks

Preliminary assessment of cognitive performance comparing the

Flanker and Stroop tasks confirmed an effective standardization of

both tasks, as established during our pilot testing. Importantly, there

was a reliable interference cost (I > C trials) on response times (RTs)

during both tasks (Flanker RT: t(18) = 1.73, p < .001; Stroop RT: t

(18) = 1.73, p < .001), with a similar magnitude (mean = 58 vs. 56 ms,

[F(1,18) = 1.3, p = .5]; Figure S2a). This interference was found after

both the negative clips (t(18) = 3.24, p < .001) and the neutral clips (t

(18) = 2.12, p < .05). In addition, interferences costs were larger in the

negative than neutral context (mean = 62 vs. 41 ms, t(18) = 2.60.

p < .01) (see Figure S2c, and Table S2), consistent with a modulation

of cognitive control performance by negative emotional information

as reported in previous studies (Song et al., 2017; van

Steenbergen, 2015).

We also verified the presence of a congruence sequence effect

(CSE; Egner, 2007) (Supp. Info. “Behavioral indices of cognitive con-

trol across tasks” section). As expected, it was found in both tasks,

with longer RTs on the “cI” trials where attention conflict is exacer-

bated by weaker task-set preparation from the preceding trial

(Botvinick et al., 2001), compared to the “iI” trials where incongruent

stimuli are repeated (Stroop 627 vs. 642, Flanker vs. 649 ms). Interest-

ingly, we also observed a selective increase of RTs on these more dif-

ficult trials in the negative compared to neutral context (F

(1,126) = 4.9, p = .03); Figure S2d, Table S2), while there was no effect

of emotion on the (easiest) “cC” trials (repetition of congruent trials,

(F(1,126) = 4.9, p = .99; see Figure S2d, Table S2). Importantly, there

was no difference between the Stroop and Flanker tasks, neither in

the “negative” context (F(1,9) = 0..31, p = .2) nor in the “neutral” con-
text (F(1,9) = 0..31, p = .4). Taken together, these data confirm not

only that higher attentional demand was successfully produced

(RT cost due to incongruence between target and distractors) and

monitored by participants (CSEs across trials) during both cognitive

control tasks, but also indicate that this effect was amplified by a neg-

ative affective context, in line with previous research.
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3.3 | Affective modulation of brain CAPs at rest

We next turned to the main goal of our study, namely, to identify net-

works active at rest and differentially modulated by the preceding

emotional and cognitive control demands. To do so, we applied the

CAP methodology on fMRI data from resting blocks to (a) define con-

figurations of brain areas dynamically co-activated with the precuneus

over time, and (b) determine how the expression of these networks

varied after exposure to emotional events in movies (”negative movie

rest1” and “neutral movie rest1”), and after exposure to both emo-

tional movies and cognitive control tasks (“negative movie + task

rest2” and “neutral movie + task rest2”).
A set of reliable resting state networks was identified by our

data-driven CAP analysis with the precuneus seed ROI (see Figure 2a,

Methods and Table S1). Using a clustering with consensus selection

procedure (Figure 2c), we found K = 8 as the optimal number of dis-

tinct brain maps in terms of replicability across all resting blocks.

These eight clusters constitute the most dominant configurations of

co-activated areas with the precuneus over the whole brain during

rest blocks in our dataset (see graphical summary in Figure S3). Sev-

eral of these networks resemble well-established resting state net-

works found in previous studies (Sridharan, Levitin, & Menon, 2008),

including DMN, DAN, and visual networks among others.

To assess how activity in these networks fluctuated according to

experimental conditions, we computed the occurrence rates for each

CAP across all resting blocks (baseline, negative movie rest1, neutral

movie rest1, negative movie + task rest2, neutral movie + task rest2)

(Figure S3). We conducted a first omnibus LMM-analysis of variance

(ANOVA) with five rest conditions (see Section 2.7) to compare these

values and identify any effect of condition on the expression of differ-

ent networks. This analysis showed significant differences in occur-

rence rates for three of the eight networks: CAP3, CAP4, and CAP7.

All differences were predominantly due to emotional context, with no

effect driven only by the preceding cognitive task performance. These

three CAPs were therefore selected for all further analyses.

CAP3 exhibited co-active patterns in areas overlapping with the

DMN, together with co-deactive patterns in areas associated with the

SN (Figure 3b, Table S4). The omnibus LMM- ANOVA of this CAP rev-

ealed higher occurrence in the “negative movie rest1” condition

(Figure 3a), relative to the “neutral movie rest1” and “neutral movie2

+ task rest” conditions (Table 1 for full statistics). The same analysis

applied to other temporal parameters showed similar differences for

entry rates, consistent with more frequent engagement of this net-

work during rest after negative movies, but no difference in durations.

The temporal parameters of CAPs were also assessed using a

LMM-based ANOVA with a 2 × 2 factorial design, probing separately

for the effects of “emotional context” (negative vs. neutral) and pre-

ceding “event” type (movie vs. movie + task), without the baseline

condition (presented only once). For CAP3, this analysis yielded a

main effect of the “context” factor, due to higher occurrences and

higher entry rates at rest after negative movies compared to neutral

movies overall (Figure 3a. See full statistics in Table S5). There was no

effect or interaction involving the preceding “event” type factor. Dif-

ferences in the duration of CAP3 were not significant.

F IGURE 3 Spatial and temporal characteristics of CAP3. (a) Occurrence rate (left), entry rate (middle), and duration (right), are shown for each
experimental condition. Stars indicate significant differences among conditions in a mixed model-based analysis of variance (ANOVA) (see
Section 3 and Table 1). Error bars indicate SEM. (b) Spatial configuration of CAP3. Hot colors (above) represent areas with transient positive co-
activation with the precuneus seed, while cold colors (below) represent areas with transient negative co-deactivation with precuneus (see
Table S4 for details). Slice coordinates are provided in MNI space. Brain regions were observed at Z = <−1.7 (p < .05)
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The second relevant network, CAP4, encompassed several brain

areas typically associated with the DAN network (Fox, Corbetta,

Snyder, Vincent, & Raichle, 2006), including bilateral frontoparietal

regions and dorsal ACC (dACC). Conversely, co-deactive areas

included parts of the SC network (Pillemer, Holtzer, & Blumen, 2017;

Puhan et al., ), such as the bilateral superior temporal sulcus (STS) and

temporo-parietal junction (TPJ), the left orbital inferior frontal gyrus,

as well as lateral occipital visual regions (Figure 4b, Table S4). The

omnibus analysis of temporal metrics of this CAP across all five resting

conditions indicated predominant differences in both the occurrence

rates and durations during the “negative movie + task rest2” block,

compared to the “rest baseline,” “neutral movie1rest,” and “neutral
movie + task rest2” (Figure 4a, Table 1). The subsequent 2 × 2 facto-

rial analysis (without baseline) further showed a significant main effect

of “emotional context” (negative vs. neutral) for the duration metric,

reflecting more prolonged dwell times of CAP4 both after negative

movies alone (negative movie rest1) and after the cognitive control

task following such negative movies (negative movie + task rest2)

(Table S5).

The third CAP7 comprised CAPs in both lateral brain regions

(postcentral and precentral gyri) and more limited medial frontal

regions (ACC and supplementary motor cortex), overlapping with sen-

sorimotor networks. Co-deactivation patterns selectively involved the

thalamus (in medial dorsal and ventral anterior portions; Figure 5b.

Table S4). The omnibus analysis of temporal parameters across all five

rest conditions showed significant differences in occurrence and entry

rates during the “neutral movie rest1” and “neutral movie + task

rest2” conditions relative to all other conditions, that is, “baseline
rest,” “negative movie rest1”, and “negative movie + task rest2”
blocks (see Figure 5a, Table 1). Likewise, a significant main effect of

“emotional context” was also observed in the 2 × 2 factorial analysis

for the same metrics (occurrences and entry rates), indicating that this

specific CAP was generally less present after exposure to negative

than neutral movie content (Table S5).

TABLE 1 Results of LMM-ANOVA analysis on temporal parameters of relevant CAPs across all rest conditions. Only three CAPs showed
significant modulations by experimental conditions. The expression of each of these CAPs was computed in terms of occurrences, entry rates,
and durations, and compared between the five resting state blocks (one-way analysis with five levels)

Estimates β (SE)

CAP ANOVA B N NT A AT CONTRAST CIlow CIhigh p

CAP3 OCCURRENCES F(4,72) = 2.4. p = .05 15.6 (2.0) 12.5 (2.0) 11.8 (2.0) 18.5 (2.0) 14.0 (2.0) A > B −07.3 01.9 .20

A > N −10.8 −01.13 .01

A > NT −11.6 −01.8 .00

A > AT −0.30 09.46 .11

CAP3 ENTRIES F(4,72) = 2.8. p = .03 15.6 (1.3) 11.3 (1.3) 13.8 (1.3) 17.3 (1.3) 13.8 (1.3) A > B −0.05 0.02 .43

A > N −0.10 −0.01 .00

A > NT −0.01 0.09 .02

A > A −0.01 0.07 .04

CAP4 OCCURRENCES F(4,72) = 2.5. p = .05 11.1 (2.0) 14.1 (2.0) 13.8 (2.0) 13.8 (2.0) 18.6 (2.0) AT > B −12.3 −2.65 .00

AT > N −9.29 0.36 .07

AT > NT −9.63 0.01 .04

AT > A −9.61 0.04 .05

CAP4 DURATION F(4,72) = 2.4. p = .05 3.0 (0.3) 3.1 (0.3) 2.6 (0.3) 3.5 (0.3) 4.1 (0.3) AT > B −2.14 −0.11 .03

AT > N −1.94 0.08 .07

AT > NT −2.47 −0.44 .00

AT > A −1.55 0.47 .29

CAP7 OCCURRENCES F(4,72) = 2.4. p = .02 7.5 (2.6) 11.2 (2.6) 13.0 (2.6) 5.5 (2.6) 7.7 (2.6) NT > B −10.4 −0.55 .03

N > A −10.64 −0.78 .02

NT > A −12.4 −2.54 .00

NT > AT 0.35 10.21 .03

CAP7 ENTRIES F(4,72) = 3.8. p = .01 8.0 (2.2) 12.1 (2.2) 12.9 (2.2) 5.6 (2.2) 9.2 (2.2) NT > B −0.09 −0.00 .03

N > A −0.10 −0.02 .00

NT > N −0.05 0.03 .73

NT > A −0.11 −0.02 .00

Note: B, baseline rest; N, neutral movie rest1; NT, neutral movie + task rest2; A, negative movie rest1; AT, negative movie + task rest2. p > .1; * p > .05; **

p > .01; ***p > .001.). p-Adjustment by the FDR method for multiple testing under dependency.

Abbreviations: ANOVA, analysis of variance; CAP, co-activation patterns; FDR, false discovery rate; LMM, linear mixed model.
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F IGURE 4 Spatial and temporal characteristics of CAP4. (a) Occurrence rate (left), entry rate (middle), and duration (right) across all
participants are shown for all conditions. Stars indicate significant differences between conditions (see Section 3 and Table 1). Error bars indicate
SEM. (b) Spatial configuration of CAP4. Hot colors (above) represent areas with transient positive co-activation with the precuneus seed, while
cold colors (below) represent areas with transient negative co-deactivation with precuneus (see Table S4 for details). Slice coordinates are
provided in MNI space. Brain regions were observed at Z = < −1.7 (p < .05)

F IGURE 5 Spatial and temporal characteristics of CAP7. (a) Occurrence rate (left), entry rate (middle), and duration (right) across all

participants are shown for all conditions. Stars indicate significant differences between conditions (see Section 3 and Table 1). Error bars indicate
SEM. (b) Spatial configuration of CAP7. Hot colors (above) represent areas with transient positive co-activation with the precuneus seed, while
cold colors (below) represent areas with transient negative co-deactivation with precuneus (see Table S4 for a details). Slice coordinates are
provided in MNI space. Brain regions were observed at Z = <−1.7 (p < .05)
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3.4 | Linking brain CAPs during rest to affective
and behavioral measures

Finally, we examined whether the differential expression of resting

brain networks across conditions could be related to differences in

affective states and behavioral measures. To this aim, we performed

partial association analyses of CAP parameters with our indices of

subjective affect and cognitive control efforts, respectively, using two

sets of GEE-based models.

A first analysis examined the subjective affective impact of nega-

tively valenced events alone by comparing the first “movie rest1”
blocks across the two emotional contexts. The temporal metrics of the

three relevant CAPs (occurrences, entries, and durations) from these

conditions were introduced in the model as multiple outcomes, while

the subjective affective measures (prescanning and postscanning

scores on PANAS) were used as predictor variable. A second analysis

examined the affective aftermath of negative events followed by the

cognitive control task, using the same CAP metrics but now from the

“movie + task rest2” blocks as multiple predictors, and with behavioral

indices of cognitive control (mean RT in each task condition and inter-

ference cost [i.e., RT difference on I > C trials]) as outcome variables.

Results from these analyses are shown in Figure 6. Concerning

subjective affect measures, we found a significant and highly selective

relationship of the entry rates of CAP3 during the “negative movie

rest1” condition, with the NA scores assessed after exposure to the

negative context (Figure 6a; β = .48, 95% CI (0.13–0.83), p = .03). This

partial association was specific for this CAP (Figure 6a). In other words,

the more frequent the expression of CAP3 during “negative movie

rest1” blocks, the more negative the affective ratings of participants

were after exposure to the negative movies. In contrast, the “positive
affect” (PA) score on PANAS (postcontexts) was associated with none

of the CAPs in the same (negative or neutral) contexts. For complete-

ness, further inspection of the data from other indicated that CAP3was

also positively associated with NA scores only at the end of the nega-

tive context blocks conditions (Figure S4a), while it was negatively

associated with PA scores prior to the movies in the neutral context

(Figure S4a, β = −1.69, 95% CI (−2.40; −0.99), p < .01). Finally, con-

cerning behavioral indices of cognitive control, we found that entry

rates of CAP3 in the “negativemovie + task rest2” condition were posi-

tively associated with the interference cost on RTs (I > C) during the

preceding cognitive task (β = 10.49, 95% CI [4.73; 16.2], p < .01). This

was again specific to this CAP and to the NA context (Figure 6b).

In contrast, CAP4 showed a clearly distinct pattern of associa-

tions, with longer durations during the “negative movie + task rest2”
condition linked to longer RTs on conflict trials in the preceding cogni-

tive task (Figure 6b; β = 18.50. 95% CI [6.29; 30.7], p < .02). Remark-

ably, this partial association was selective for incongruent trials when

these were preceded by congruent ones (“cI” condition), that is, the

most attention-demanding condition (see also behavioral results

above). This association between CAP4 and RTs in the negative con-

text was not found for other trial types (Figure S4d), and absent in the

neutral context (Figure S4c).

No significant association was identified between CAP7 and our

cognitive control measures of interest. Altogether, these results

underscore a differential significance of relevant CAPs and their mod-

ulation by negative emotion in both the spontaneous and posttask

rest conditions.

4 | DISCUSSION

4.1 | Lingering effects of emotion on subsequent
resting brain activity

NA elicited by movies produced lasting influences on spontaneous

brain network activity during subsequent rest, not only immediately

F IGURE 6 Functional relationship of co-activation patterns (CAPs) expression with behavioral indices. (a) Probability (p) values of partial
associations between affective scores (PANAS) and the three CAPs of interest. PANAS ratings measured after each experimental context (post
movie exposure) were modeled as predictors, whereas entry rates of CAPs from the “movie rest1” conditions were introduced as multiple
predicted variables in the Generalized estimated equations (GEEs) models. (b) Probability (p) values of partial associations between cognitive
control load and the relevant CAPs. Cognitive load was measured by the interference effect (I–C trials) and response times (RTs) on “cI” trials
(most difficult task condition) and used as predictors, whereas the CAPs (entries and durations) from the “movie + task rest2” conditions were
outcome variables. The p value significance was adjusted by the false discovery rate (FDR) method for multiple testing under dependency
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after the movie but also after the performance of an intervening cog-

nitive control task engaging attention to other nonemotional stimuli.

Such aftermath of NA influenced specific networks overlapping with

the DMN and SN (CAP3), the DAN (CAP4), and sensorimotor areas

(CAP7), with the first two (CAP3 and CAP4) showing enhanced

expression in negative context-related resting conditions, and the lat-

ter (CAP7) showing reduced expression. Remarkably, modulations of

CAP3 and CAP4 were linked to specific behavioral indices of subjec-

tive affect and cognitive performance after negative movies, further

supporting their functional relevance. Taken together, our findings

demonstrate that negative affective episodes can alter brain networks

over prolonged periods of time following emotional episodes them-

selves, presumably reflecting regulatory mechanisms acting to adapt

behavior and restore normal homeostatic conditions in response to

environmental challenges (Critchley & Garfinkel, 2017; Eryilmaz

et al., 2014; Hermans et al., 2014). Below we discuss the main CAPs

associated with these changes and their possible functional

significance.

4.2 | Emotional aftermath reflected in CAP3

CAP3 partly overlapped with the DMN and showed greater expres-

sion (higher occurrence and entry rates) at rest after exposure to neg-

ative movies. Apart from a key role in self-referential mental activity

and introspection (Engen et al., 2017; Kober et al., 2008; Liemburg

et al., 2012), DMN activity has consistently been related to emotion

processing and mood disorders (Hyett et al., 2015; Lanius, Frewen,

Tursich, Jetly, & McKinnon, 2015; Liemburg et al., 2012; Sheline

et al., 2009; Song, Zhang, & Huang, 2016), and was for instance

reported as a biomarker for depressive rumination (Belleau, Taubitz, &

Larson, 2015; Hamilton, Farmer, Fogelman, & Gotlib, 2015;

Sambataro, Wolf, Pennuto, Vasic, & Wolf, 2014; Whitfield-Gabrieli &

Ford, 2012). Accordingly, in our participants, more frequent occur-

rences of CAP3 after negative movies predicted more negative sub-

jective affect in postcontext ratings. This observation suggests that

the increased dFC of DMN-like CAP3 at rest in this condition (nega-

tive movie rest1) may be critically involved in emotion regulation and

self-referential processes engaged by negatively valenced information.

Furthermore, we also observed a negative relationship between CAP3

and PA scores prior to scanning (baseline ratings), confirming a func-

tional link of this specific brain activity pattern at rest with affective

state. Thus, the higher an individual experienced low PA or high NA,

the more this DMN-like network appeared and fluctuated at rest.

In addition, there was a significant relationship between the entry

rates of CAP3 and the interference magnitude on RTs during cognitive

control (I > C trials) after exposure to the negative context. These

findings demonstrate that the aftermath of negative events may pro-

duce sustained changes in brain network dynamics that do not only

modify spontaneous resting state activity and subjective affect, but

also impact on cognitive performance during behavioral challenges.

This is consistent with an interwoven functional relationship between

DMN and attentional networks and their modulation by negative

mood (Piguet et al., 2016), and with previous reports of altered cogni-

tive performance after exposure to negative emotions (Dolcos

et al., 2020; Gendolla et al., 2015). Accordingly, our behavioral results

during the cognitive control tasks showed higher RT costs (larger

interference effect and larger CSEs) in the negative compared to the

neutral context, in agreement with other studies on emotion–

cognition interaction (Schuch & Koch, 2014; van Steenbergen

et al., 2010). Altogether, these data converge to suggest that negative

emotional events may trigger lingering self-regulatory processes partly

mediated by the DMN, which reflect changes in subjective affect and

reduce the efficacy of selective attention and strategic cognitive con-

trol in attention-demanding conditions.

Simultaneously, the positive CAP in DMN associated with CAP3

was accompanied by co-deactivation in a saliency-related network

(SN). Such anticorrelated DMN-SN configuration, in the aftermath of

negative emotional events, accords with studies reporting that the

generation of affective states may involve a coordinated recruitment

of DMN and SN regions, each mediating dissociable emotion compo-

nent processes (Engen et al., 2017). In this scheme, dynamic interac-

tions between these two networks might subserve shifts from

externally oriented attention to internally oriented or self-related cog-

nition (Menon & Uddin, 2010). The co-deactive SN could thus amplify

interoceptive signals and subjective emotion feelings (Chang, Yarkoni,

Khaw, & Sanfey, 2013) through their interaction with self-reference

representations elaborated in DMN areas, implying a distinctive

antagonistic dynamics of connectivity of each network with the

precuneus, and ultimately contributing to subjective emotional experi-

ences. More generally, such DMN-SN push-pull balance is consistent

with other effects of negative emotions and stress on selective atten-

tion and thought content. This is typically observed for ruminations,

characterized by repetitive retrieval of aversive and threat information

about the self and past events, which is also exacerbated by negative

contextual cues (Piguet et al., 2014; Trapnell & Campbell, 1999).

We conclude that both the temporal and spatial features of CAP3

reveal a functional inertia in the dynamics of large-scale brain net-

works that follows negative emotional events, overlapping with com-

ponents of both the DMN and SN. This inertia is intimately connected

to changes in subjective emotional experience and self-monitoring,

presumably reflecting adaptive or homeostatic (possibly automatic

and implicit) emotion regulation mechanisms.

4.3 | Aftermaths of emotion and cognitive control
associated with CAP4

A more dorsal network pattern overlapping with the DAN was found

in CAP4, which showed distinctive increases in occurrence as well as

duration after negative movies. This was particularly the case when

the rest period followed the intervening cognitive control task (nega-

tive movie + task rest2) relative to other conditions, that is, after cog-

nitive resources were mobilized in a negative emotional context

(Figure 4). CAP4 comprised several regions responsible for selective

attention (Fox et al., 2006), including not only frontoparietal areas
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involved in executive control (Ptak, 2012; Shulman et al., 2010) but

also dorsal ACC, associated with the maintenance of alertness

(Sadaghiani & D'Esposito, 2015) as well as response conflict monitor-

ing (Botvinick et al., 2001). Given its modulation by the just preceding

cognitive task, the higher occurrence rates of CAP4 might constitute a

functional fingerprint of high attentional load. Accordingly, this func-

tional pattern was selectively amplified by the negative context, while

we found no similar effect when the cognitive control task was per-

formed after neutral movies. Further evidence to support a link of

such emotionally amplified cognitive load and resource depletion with

heightened dFC of CAP4 in subsequent rest comes from the signifi-

cant association between CAP4 duration rates and RT measures on

incongruent (cI) trials during the cognitive control task, observed only

in the negative affective context (see Figure 6b).

The current data therefore add to previous research indicating

that negative emotions are associated with reduced attention,

decreased problem-solving abilities, and impaired execution of instru-

mental behaviors (Bonanno, Goorin, & Coifman, 2008; Nolen-

Hoeksema, 1991; Nolen-Hoeksema, Wisco, & Lyubomirsky, 2008).

Here, we show that such effects may imply a durable reconfiguration

and a dynamic modulation of large-scale network connectivity that is

apparent even during resting state. Such changes may impact on the

subsequent mobilization of efficient neural resources during cognitive

task performance as well as during subsequent recovery periods all-

owing resource restoration.

In addition, a co-deactive network was also observed in CAP4

implicating STS, TPJ, temporal poles, as well as PCC and vmPFC/OFC

(Pillemer et al., 2017). This network overlaps with areas commonly

involved in SC and value-based decision-making (Fox et al., 2018;

Ochsner, Silvers, & Buhle, 2012; Sinha, Lacadie, Constable, &

Seo, 2016). Such effects may reflect a relative disengagement of social

information processing and empathic responding normally evoked

after negative movies, but partly suppressed after performance of a

difficult cognitive task. Noteworthy, some of these areas were co-

active with CAP3 when rest directly followed the negatively valenced

movies. However, further analyses investigating the exact functional

relationships between spontaneous mental processes engaged at rest

in different affective contexts and concomitant brain activation pat-

terns will be necessary to support our interpretations.

4.4 | Preferential expression of CAP7 after neutral
rather than negative affective conditions

Unlike CAP3 and CAP4, CAP7 network was functionally enhanced during

rest periods in the neutral context, comprising a thalamocortical network

centered on sensorimotor areas (Llinás, Ribary, Contreras, &

Pedroarena, 1998; Ribary, 2005; Ribary et al., 1991), unrelated to higher-

level cognitive or affective functions associated with other CAPs.

Thalamocortical circuits similar to CAP7 have been associatedwith regula-

tion of sensory gating (McCormick &Bal, 1994) as well as arousal or wake-

fulness (Liu et al., 2018). Moreover, CAPs in thalamus and postcentral

cortex have been associated with cognitive load during working memory

and visual attention tasks (Tomasi, Ernst, Caparelli, & Chang, 2006). The

modulation of CAP7may therefore reflect more externally oriented atten-

tion to sensory and “cold” cognitive information during rest after exposure

to neutral movies (as opposed to more introspective and “warm” socio-
affective processing after negatively affectivemovies).While this interpre-

tation remains speculative, the distinctive functional profile of CAP7 fur-

ther highlights the selectivity of changes in connectivity dynamics induced

by affective and cognitive challenges.

4.5 | Limitations and future research

Our study included only female participants. This gender selection

was based on pilot results, in which women reported higher emotional

ratings. It is possible that, in our paradigm, women assumed more eas-

ily an empathetic perspective in response to movie clips, where

female characters were often depicted facing difficult emotional situa-

tions (e.g., with a child or a partner) that might occur in real life situa-

tions. Accordingly, emotional induction with social material was also

found to be more reliable in females and motivated similar selection

procedure in other studies on emotion regulation (Vrtička, Bondolfi,

Sander, & Vuilleumier, 2012). Our results therefore need to be repli-

cated in males, even though there is no reason why the overall pattern

of postaffect and posttask changes in resting state would differ

between genders (while they may differ in magnitude to some extent).

Another possible limitation is that the movie and task blocks were

presented in the same order in both contexts, even though the emotional

valence (negative vs. neutral) and nature of tasks (Stroop vs. Flanker)

were fully counterbalanced across participants. This was chosen by

design for the sake of experimental efficiency and to minimize any

impact of attentional depletion after cognitive control on subsequent

emotional responses to movies. Thus, any order effect between the first

and second rest periods would not undermine our main results, since our

focus concerned the rest conditions and their comparison between the

two emotion contexts. A direct comparison of posttask versus post-

emotion carry-over effects on brain activity at restwas beyond the scope

of the present study andwill require further research.

Finally, we used rest blocks with relatively short time windows

(5 min). Many resting state fMRI studies employ longer durations

(8–10 min), but our paradigm design required briefer sessions to allow

measuring several resting conditions in the same participants, while

avoiding discomfort and boredom, which could have altered our

results. Moreover, other postemotion rest studies (Eryilmaz

et al., 2011; Eryilmaz et al., 2014) found reliable changes with even

shorter rest periods (<2 min). Also, this issue was controlled in the pre-

sent study by two related technical aspects. First, fMRI scanning was

performed with a multiband sequence with a fast repetition time

(TR = 1.3), which enabled us to acquire a greater number of fMRI time

points in order to increase our statistical power. Second, and more

important, the optimal fMRI data necessary for a reliable analysis of

brain dFC with the CAP approach is dependent on the number of

timepoints, that is, image volumes, rather than the length of the scan-

ning (Liu, Zhang, et al., 2018).
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5 | CONCLUSION

Our work extends previous studies revealing a lasting impact of NA

on brain states, beyond the transient events eliciting particular emo-

tions (Eryilmaz et al., 2011, 2014), and highlights their selective impact

on the FC dynamics of networks associated with self-regulation,

salience processing, and attention. In addition, we show that such

affective aftermaths modulate brain activity at rest not only immedi-

ately following emotional events but also after engaging attention to a

different task requiring high cognitive control, beyond the direct influ-

ence of affect on task performance itself. Future work probing func-

tional CAPs and their temporal dynamics in patients with mood

disorders and affective regulation deficits might provide new insights

on potential neuromarkers of emotion inertia (Kuppens &

Verduyn, 2017) associated with clinical symptoms, risk, or prognosis

of mental diseases.
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Vrtička, P., Bondolfi, G., Sander, D., & Vuilleumier, P. (2012). The neural

substrates of social emotion perception and regulation are modulated

by adult attachment style. Social Neuroscience, 7, 473–493.
Westerhausen, R., Moosmann, M., Alho, K., Belsby, S. O., Hämäläinen, H.,

Medvedev, S., … Hugdahl, K. (2010). Identification of attention and

cognitive control networks in a parametric auditory fMRI study.

Neuropsychologia, 48, 2075–2081.
Wexler, M., Duyck, M., & Mamassian, P. (2015). Persistent states in vision

break universality and time invariance. Proceedings of the National Acad-

emy of Sciences of the United States of America, 112, 14990–14995.

Whitfield-Gabrieli, S., & Ford, J. M. (2012). Default mode network activity

and connectivity in psychopathology. Annual Review of Clinical Psychol-

ogy, 8, 49–76.
Yekutieli, D., & Benjamini, Y. (2001). The control of the false discovery

rate in multiple testing under dependency. The Annals of Statistics, 29,

1165–1188. Retrieved from http://projecteuclid.org/euclid.aos/

1013699998.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Gaviria J, Rey G, Bolton T, Delgado J,

Van De Ville D, Vuilleumier P. Brain functional connectivity

dynamics at rest in the aftermath of affective and cognitive

challenges. Hum Brain Mapp. 2021;42:1054–1069. https://doi.

org/10.1002/hbm.25277

GAVIRIA ET AL. 1069

https://doi.org/10.1007/978-1-4939-1236-0_7
https://doi.org/10.1007/978-1-4939-1236-0_7
http://pss.sagepub.com/lookup/doi/10.1177/0956797610385951
http://pss.sagepub.com/lookup/doi/10.1177/0956797610385951
https://linkinghub.elsevier.com/retrieve/pii/S0001691805000624
http://projecteuclid.org/euclid.aos/1013699998
http://projecteuclid.org/euclid.aos/1013699998
https://doi.org/10.1002/hbm.25277
https://doi.org/10.1002/hbm.25277

	Brain functional connectivity dynamics at rest in the aftermath of affective and cognitive challenges
	1  INTRODUCTION
	2  METHODS
	2.1  Participants
	2.2  Experimental design
	2.3  MRI data acquisition
	2.4  dFC analysis
	2.5  Seed selection
	2.6  Spatiotemporal CAPs generation
	2.7  Statistical analysis of CAPs across conditions

	3  RESULTS
	3.1  Behavioral and neural indices of effective emotional induction by movies
	3.2  Behavioral performance in cognitive control tasks
	3.3  Affective modulation of brain CAPs at rest
	3.4  Linking brain CAPs during rest to affective and behavioral measures

	4  DISCUSSION
	4.1  Lingering effects of emotion on subsequent resting brain activity
	4.2  Emotional aftermath reflected in CAP3
	4.3  Aftermaths of emotion and cognitive control associated with CAP4
	4.4  Preferential expression of CAP7 after neutral rather than negative affective conditions
	4.5  Limitations and future research

	5  CONCLUSION
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY STATEMENT

	  ETHICS STATEMENT
	  PARTICIPANT CONSENT
	REFERENCES


