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The ability to temporarily prioritize rapid and vigilant reactions over slower higher-order cognitive functions is essential for adaptive
responding to threat. This reprioritization is believed to reflect shifts in resource allocation between large-scale brain networks that
support these cognitive functions, including the salience and executive control networks. However, how changes in communication
within and between such networks dynamically unfold as a function of threat-related arousal remains unknown. To address this issue, we
collected functional MRI data and continuously assessed the heart rate from 120 healthy human adults as they viewed emotionally
arousing and ecologically valid cinematographic material. We then developed an analysis method that tracks dynamic changes in
large-scale network cohesion by quantifying the level of within-network and between-network interaction. We found a monotonically
increasing relationship between heart rate, a physiological index of arousal, and within-network cohesion in the salience network,
indicating that coordination of activity within the salience network dynamically tracks arousal. Strikingly, salience– executive control
between-network cohesion peaked at moderate arousal. These findings indicate that at moderate arousal, which has been associated with
optimal noradrenergic signaling, the salience network is optimally able to engage the executive control network to coordinate cognitive
activity, but is unable to do so at tonically elevated noradrenergic levels associated with acute stress. Our findings extend neurophysio-
logical models of the effects of stress-related neuromodulatory signaling at the cellular level to large-scale neural systems, and thereby
explain shifts in cognitive functioning during acute stress, which may play an important role in the development and maintenance of
stress-related mental disorders.
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Introduction
During a physical attack, immediately relevant behaviors, such as
identifying the location of the attacker, become very important,
while responses with long-term benefits, such as processing elab-

orate details about the attacker, become secondary. Transiently
prioritizing particular cognitive processes over others is therefore
essential for responding adaptively to changing environmental
conditions. Many of these processes are subserved by distinct
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Significance Statement

How does brain functioning change in arousing or stressful situations? Extant literature suggests that through global projections,
arousal-related neuromodulatory changes can rapidly alter coordination of neural activity across brain-wide neural systems or
large-scale networks. Since it is unknown how such processes unfold, we developed a method to dynamically track levels of
within-network and between-network interaction. We applied this technique to human neuroimaging data acquired while par-
ticipants watched realistic and emotionally arousing cinematographic material. Results demonstrate that cohesion within the
salience network monotonically increases with arousal, while cohesion of this network with the executive control network peaks
at moderate arousal. Our findings explain how cognitive performance shifts as a function of arousal, and provide new insights into
vulnerability for stress-related psychopathology.
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large-scale brain networks that consist of interconnected cooper-
ating regions, and are affected by stress and arousal. Thus, it has
been proposed that changes in cognitive priorities are generated
by shifts in interactions within and between networks (Hermans
et al., 2011; Kinnison et al., 2012; McMenamin et al., 2014), but
these shifts have not yet been examined on a moment-to-
moment basis. Accordingly, we developed a novel network cohe-
sion measure that quantifies the level of within-network and
between-network interactions to examine how dynamic shifts
within and between large-scale networks unfold as a function of
arousal.

Through its prominent connectivity with subcortical and lim-
bic structures involved in emotion, anxiety, reward, and motiva-
tion (Bressler and Menon, 2010), engagement of the salience
network (Seeley et al., 2007) is critical in facilitating appropriate
responses to stress. Acute stressors prompt the locus ceruleus
(LC) to release norepinephrine (Valentino and Van Bockstaele,
2008), which then alters adrenoceptor engagement and neural
function in salience network structures, such as the amygdala
(Arnsten, 1998). Indeed, increased activation and connectivity
within the salience network has been shown in humans in re-
sponse to stress (Hermans et al., 2011; McMenamin et al., 2014).
Activity within the core regions of the salience network also cor-
relates with physiological stress indices, including increased heart
rate (Wager et al., 2009). We therefore hypothesized that salience
network cohesion, which quantifies the interaction among con-
stituent network parts, would have a monotonically increasing
relationship with arousal.

In contrast, the executive control network is involved in
higher-order cognition, such as working memory. Many of these
cognitive functions follow the Yerkes–Dodson law (Yerkes and
Dodson, 1908) in that impairments in executive control and de-
creased responsiveness within executive control network regions
occur at suboptimal and supraoptimal arousal levels, such as
mental fatigue (Ishii et al., 2015) and stress (Qin et al., 2009; 2012;
McMenamin et al., 2014), respectively. Relatedly, at the neuro-
chemical level, catecholamines have an inverted-U-shaped influ-
ence on prefrontal cortex functioning (Arnsten, 2009), and
corticosteroids further exacerbate negative effects when catechol-
amine levels are supraoptimal (Barsegyan et al., 2010). However,
how arousal influences executive control network communica-
tion with other networks is unknown.

The ability of changes within one network, especially the salience
network, to alter activity in other brain networks has been demon-
strated in multiple studies (Sridharan et al., 2008; Chen et al., 2013;
Goulden et al., 2014). With respect to stress, salience network con-
nectivity increases while the executive control network becomes less
central for communication between other networks during imme-
diate responses to threat of shock (McMenamin et al., 2014). We
thus hypothesized that executive control network cohesion, and co-
hesion between the salience and executive control networks would
show an inverted-U-shaped relation to arousal, with the highest co-
hesion occurring under moderate arousal.

To test these hypotheses, we collected functional magnetic
resonance imaging (fMRI) data and continuous heart rate as par-
ticipants watched a movie clip that progressed from neutral to

arousing and stressful. Critically, an uninterrupted movie clip is
an ecologically valid method that induces and allows for assess-
ment of the stress response in a dynamic manner. Network cohe-
sion was then quantified within the salience and executive control
networks, as well as within the default mode network, which has
been implicated in stress-related disorders (Whitfield-Gabrieli
and Ford, 2012). Importantly, as with other existing network
measures, network cohesion indices quantify interactions within
and between entire networks, rather than changes in activation
within or connectivity between isolated regions. However, rather
than considering possible paths of information transfer between
individual nodes within or across networks, as with efficiency and
betweenness measures (McMenamin et al., 2014), the network
cohesion indices used here probe the tendency of all voxels within
a network to become cohesive around a common activity pattern
(i.e., fully connected topology). In other words, cohesion will be
high if all voxels within a network display similar behavior (e.g.,
all voxels increase in activity). By relating these network cohesion
indices to heart rate, a physiological index of arousal (Qin et al.,
2009, 2012), we were able to examine how functional integrity
within and between networks changes with varying levels of
arousal in response to an acute stressor (Fig. 1).

Materials and Methods
Participants
A total of 120 healthy adult men were recruited using a local participant
database and advertisements. All participants received €60 for their par-
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Figure 1. Illustration of within-network cohesion, heart rate, and mean BOLD signal for a
single participant. A, B, In the time period highlighted in red, within-network cohesion for the
salience network (A, pink) increases as heart rate increases (B), while within-network cohesion
for the executive control network (A, green) decreases. B, C, In contrast, mean BOLD signal in the
salience and executive control networks (C) are not related to heart rate (B). Note that this single
participant example is for visualization purposes only, and conclusions of the paper are based on
inferential statistics as described in the main text. a.u., Arbitrary units; BPM, beats per minute;
TR, repetition time; BOLD, blood-oxygen-level dependent.
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ticipation. Exclusion criteria were assessed through self-report and con-
sisted of a history of somatic disease, current or past psychiatric or
neurological disorders, medication or illicit drug use during the preced-
ing 6 months, history of substance abuse, current or past alcohol depen-
dence, and MRI contraindications. Women were excluded from this
study because of the influence of the menstrual cycle on correlates of the
stress response (Fernández et al., 2003) and because of difficulties in
repeated testing controlling for menstrual cycle. Heart rate and fMRI
analyses excluded five participants due to missing heart rate data and
three participants due to excessive motion (see below). Thus, 112 partic-
ipants (mean age � SD: 22.0 � 2.7 years) made up the total sample
included in analyses for this study. All procedures were approved by the
local medical ethical review board (CMO Region Arnhem-Nijmegen,
The Netherlands).

An independent sample of 16 healthy men was recruited to provide
dynamic arousal and valence ratings for the stress movie clip. One par-
ticipant was excluded due to an error during data collection. Participants
(mean age � SD: 24.7 � 4.0 years) watched the stress movie clip three
times. During the first viewing, participants were instructed to watch the
movie from an eye-witness perspective, and to try to remember how they
felt during the clip. During the second viewing, participants were pre-
sented with the Self-Assessment Manikin (SAM) arousal dimensions
(Bradley and Lang, 1994), and were instructed to recollect and indicate
their arousal levels when they watched the movie for the first time. Dur-
ing the third viewing, participants were instructed to recall and rate their
valence levels when they watched the movie for the first time using the
SAM valence dimension (Bradley and Lang, 1994). Test–retest proce-
dures showing high moment-by-moment correlations across sessions
have demonstrated reliability and validity of retrospective affect ratings
of movie clips (Raz et al., 2012).

Procedure
All participants completed two counterbalanced sessions (stress and con-
trol) separated by �5 d. Only data from the stress session were used for
fMRI analyses reported in this study. All procedures were standardized as
much as possible to minimize between-subject variance. All sessions took
place between noon and 6:00 P.M. to minimize the influence of diurnal
variation on cortisol levels. Participants arrived 1 h before the MRI ses-
sion to avoid fluctuations in cortisol levels due to physical activity.
During this hour, participants practiced the scanner tasks, watched a
low-arousal nature documentary (Attenborough, 2010), and were es-
corted to the scanning facility.

In the MRI scanner, participants watched the back-projected stress
movie clip, which consisted of violent sexual assault scenes from Irrévers-
ible (Noé, 2008), on a translucent screen while listening to the movie
through earphones. Clips from this movie have been used in previous
studies to induce stress (Hermans et al., 2011). Participants were in-
structed to watch the stress movie clip from an eye-witness perspective.
After the movie clip, participants completed several other cognitive tasks
in the scanner.

Assessing mood, cortisol, and blood pressure
Positive and negative mood were assessed using the Dutch version of the
Positive and Negative Affect Schedule (PANAS; Watson et al., 1988) 30
min before and 20 min after the movie clip. Changes in positive and
negative mood were assessed using repeated-measures ANOVAs with
two time points in the stress and control conditions.

Baseline saliva measures were sampled before lunch and before dinner
on the day before the second MRI session; the mean cortisol of these two
samples was used as the baseline cortisol level. During the MRI sessions,
cortisol was also sampled 20 min after the movie clip. Cortisol levels for
the stress movie and the control movie clips controlling for baseline were
calculated and then compared using a paired-samples t test. PANAS
ratings and saliva samples were missing for one participant, who was thus
excluded from these analyses.

Finally, during each MRI session, blood pressure was measured 20 min
after the movie clip using a semiautomatic MR-compatible blood pres-
sure device. Paired-samples t tests were used to compare systolic and
diastolic blood pressure after the stress and control movie clips.

Heart rate data acquisition and analysis
Heart rate data were continuously collected during scanning using an
MR-compatible pulse oximeter. Data were first inspected for movement-
related and other measurement artifacts. Mean heart rate during the
stress movie and control movie clips were calculated and compared using
a paired-samples t test. For the stress movie clip, continuous heart rate
was also calculated in the same sliding time windows used for fMRI
analyses described below. Five participants were missing heart rate data
and were thus excluded from these analyses.

fMRI data acquisition
MR data were acquired on a 1.5 T Avanto MR scanner (Siemens) at the
Donders Institute in Nijmegen, The Netherlands. During the movie
clips, a series of 262 T2*-weighted functional images were acquired using
gradient echo-planar imaging with the following parameters: 32 oblique
transverse slices; repetition time (TR) � 2.34 s; flip angle 90°; echo
time � 35 ms; field of view, 212 � 212 mm; matrix, 64 � 64; 3.5 mm slice
thickness; voxel size, 3.3 � 3.3 � 3.5 mm.

Preprocessing. Preprocessing of fMRI data was performed using
tools from the Oxford Centre for Functional MRI of the Brain
(FMRIB) Software Library (FSL; http://www.fmrib.ox.ac.uk/fsl;
RRID:SCR_002823; Smith et al., 2004). The first five volumes were
removed to allow for signal equilibration. FEAT version 6.00 (fMRI
Expert Analysis Tool) was then used for head movement correction
using MCFLIRT (Motion Correction FMRIB Linear Registration
Tool; Jenkinson et al., 2002), nonbrain removal, and spatial smooth-
ing (4 mm FWHM). Additional motion correction using ICA-
AROMA (Independent Component Analysis-based Automatic
Removal of Motion Artifacts; Pruim et al., 2015) was then applied,
and data were high-pass filtered (cutoff periodicity of 128 s) and
spatially normalized into standard stereotactic space [Montreal Neu-
rological Institute (MNI) 152 T1-template].

Root mean square deviation of framewise displacement was calculated
for each participant. Three participants were excluded from analyses due
to excessive motion (�3 SDs above the sample root mean square devia-
tion of framewise displacement).

Network definition. To perform focused analyses of network cohesion,
data were extracted only from the core nodes of the salience, executive
control, and default mode networks (Fig. 2,1; Buckner et al., 2008;
Menon, 2011). More specifically, we identified (1) anterior cingulate
cortex and bilateral insula components of the salience network from the
anterior salience network template, (2) bilateral dorsolateral prefrontal
cortex and lateral posterior parietal cortex regions of the executive con-
trol network from the left and right executive control network templates,
and (3) medial prefrontal cortex, posterior cingulate cortex, and bilateral
inferior parietal lobule components of the default mode network from
the dorsal and ventral default mode network templates provided by the
Functional Imaging in Neuropsychiatric Disorders Laboratory (Shirer et
al., 2012). The networks were then gray matter masked (FSL MNI: MNI-
maxprob-thr25-2 mm.nii.gz) to restrict analyses to gray matter voxels. A
complement mask was also defined as any gray matter voxel not included
in the salience, executive control, or default mode networks to examine
effects that were not network-specific.

Computing network cohesion. To obtain a dynamic measure of network
cohesion, singular value decomposition (SVD; Golub and Reinsch, 1970)
was combined with a sliding time window approach (Fig. 2,2). Time
series data from each voxel within the salience network, executive control
network, default mode network, and complement mask were first ex-
tracted for each participant. SVD was then performed in Matlab (RRID:
SCR_001622) on time series data within sliding time windows of 10 TRs
(23.4 s) for each network, yielding a unitary matrix for each participant,
network, and time window. The time window length used here is consis-
tent with those of previous studies that have also used time windows of 10
TRs (Raz et al., 2012). The unitary matrix consists of singular values,
representing the amount of variance explained for each component, on
the matrix diagonal. The first singular value quantifies the variance ex-
plained by the largest component, and the sum of the singular values
quantifies the total variance in the network. Thus, dividing the first sin-
gular value by the sum of the singular values for each participant, net-
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Figure 2. Overview of methods to compute network cohesion for a single participant. 1, The salience, executive control, and default mode networks were defined using templates provided by
the Functional Imaging in Neuropsychiatric Disorders Laboratory. The complement mask consisted of all gray matter voxels not included in the salience, executive control, or default mode networks.
Time series from each voxel within each network and the complement mask were extracted. 2, Singular value decomposition (SVD) was performed separately for each network and each sliding time
window (defined as 10 TRs). SVD yields a unitary matrix (S) for each network and time window. The unitary matrix consists of singular values, representing the amount of variance explained for each
component, on the matrix diagonal. 3, Dividing the first singular value (S1,1), which represents the cohesiveness of the network, by the sum of the singular values (�i�1

10 Si,i), which quantifies the
total variance in the network, provides the percent variance explained (PVE) for each network and time window. To obtain a cohesion measure distinct to each network existing over and above global
nonspecific levels of cohesion, the PVE of each network was divided by the complement PVE. 4, This procedure was repeated for each sliding time window, thereby providing a dynamic measure of
within-network cohesion for the salience, executive control, and default mode networks. 5, In a second sliding time window, Fisher-transformed correlations were taken for each network pair. 6,
This procedure was repeated for each sliding time window, yielding a dynamic measure of between-network cohesion.
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work, and time window quantifies the percentage of variance explained in
each network and time window for each participant (Fig. 2,3). The percent-
age of variance explained for the salience, executive control, and default
mode networks was then divided by the percentage of variance explained for
the complement mask to control for cohesion not specific to any particular
network. Thus, the cohesion for the salience, executive control, and default
mode networks reflects network-specific cohesion over and above global
nonspecific levels of cohesion existing in the rest of the brain. In summary,
for each participant, this analysis yielded three vectors (one each for salience
network, executive control network, and default mode network) with length
248 [257 TRs � time window length (10 TRs) � 1], and these vectors rep-
resented the dynamic network cohesion within the salience, executive con-
trol, and default mode networks (Fig. 2,4).

To examine interactions between networks, between-network cohe-
sion was also calculated by correlating within-network cohesions across
time. Because within-network cohesion is calculated across time win-
dows of 10 TRs, a second sliding time window of 10 within-network time
windows (44.46 s) was used to correlate salience and executive control
network cohesion, salience and default mode network cohesion, and
executive control and default mode network cohesion (Fig. 2,5). Fisher’s
r-to-Z transformation was then used for the correlation values, providing
a dynamic measure of between-network cohesion for each participant
(Fig. 2,6 ). The between-network cohesion thus quantified the synchrony
of cohesion of each network pair as a function of time. In other words, if
cohesion in both networks behaved similarly, then the between-network
cohesion increased; in contrast, if the cohesion in each network operated
independently, then between-network cohesion decreased. Mean
between-network cohesion across time was calculated for each partici-
pant and one-sample t tests were used to determine whether network
pairs behaved similarly (i.e., positive t scores) or reciprocally (i.e., nega-
tive t scores).

Network cohesion and arousal response. Heart rate, a physiological in-
dex of arousal, was continuously measured during the fMRI scan. Non-
parametric regression with linear and quadratic terms, heart rate as the
independent variable, and network cohesion as the dependent variable
was conducted for each participant and network (i.e., Network Cohesion
Ranki,j � �0 � �1i,j � Heart Rate Ranki � �2i,j � Heart Rate Ranki

2 � �i,j

where i � participant, j � network). One-sample t tests were then
performed to determine whether the linear and quadratic parameter
estimates were significantly different from 0. Linear and quadratic pa-
rameter estimates were also directly compared across networks using
paired-sample t tests. These analyses determined whether there is a con-
sistent linear and/or quadratic relationship between network cohesion
and arousal response.

Validation of the network cohesion index. Eigenvectors describing un-
derlying temporal patterns were extracted from data across the entire
scan for each network and for each participant. These values were entered
back into a general linear model to examine the validity of the network
cohesion indices. Maps for every participant containing parameter esti-
mates for the eigenvector effect were then entered into three one-sample
t tests (one each for salience network, executive control network, and
default mode network). Adaptive thresholding using mixture modeling
with an equal balance between false positives and false negatives (i.e.,
threshold level of 0.5) was used to threshold results (Hartvig and Jensen,
2000). This analysis determined whether the components for each net-

work represented the network as a whole, or whether the network cohe-
sion measure predominantly reflected only part of the network.

Results
Psychological and physiological indices of arousal
To ensure that the movie clip was emotionally arousing, we as-
sessed mood, cortisol, blood pressure, continuous heart rate, and
continuous self-report measures of arousal. The stress movie clip
led to significant increases in self-reported negative mood,
whereas no significant changes in negative mood were reported
for the control movie (interaction, F(1,110) � 38.1, p � 0.001;
condition main effect, F(1,110) � 24.2, p � 0.001; time main effect,
F(1,110) � 29.3, p � 0.001). In contrast, both the stress and the
control movie clips led to significant decreases in positive mood
(time main effect, F(1,110) � 61.2, p � 0.001; condition main
effect and interaction, p � 0.39). Mean heart rate during the
movie (t(110) � 4.8, p � 0.001), as well as cortisol (t(110) � 2.7, p �
0.007), systolic blood pressure (t(111) � 3.8, p � 0.001), and dia-
stolic blood pressure (t(111) � 3.2, p � 0.002) after the stress
movie were all significantly higher than after the control movie.
Continuous ratings of the stress movie clip, provided by an inde-
pendent sample of 15 healthy adults, demonstrated that the
movie evoked a wide range of subjective arousal levels ranging
from calm to highly arousing, and that valence was strongly and
negatively related to arousal (t(14) � �10.7, p � 0.001; Fig. 3).
Critically, heart rate in participants who completed the fMRI task
was positively related to the averaged continuous arousal ratings
in a linear (t(111) � 2.8, p � 0.005) but not quadratic manner (p �
0.16). Thus, the stress movie clip evoked a wide range of arousal
levels, and heart rate, a physiological index of arousal, converged
with subjective arousal ratings of the movie clip.

Within-network cohesion and arousal response
After calculating within-network cohesion (Fig. 2), heart rate was
examined in relation to within-network cohesion of the salience,
executive control, and default mode networks for each partici-
pant (Fig. 4). Consistent with the extant literature linking salience
network response to stress (Hermans et al., 2011; McMenamin et
al., 2014), salience network cohesion monotonically increased as
arousal increased (t(111) � 3.4, p � 0.001). However, contrary to
prediction, cohesion within the executive control network was
not significantly related to heart rate. With respect to the default
mode network, linear (t(111) � 2.4, p � 0.020) and quadratic
(t(111) � 2.8, p � 0.005) terms were significant, demonstrating
that default mode network cohesion increased especially under
moderate to high levels of arousal. Finally, the positive linear
relationship between heart rate and within-network cohesion
was marginally stronger for the salience network compared with
the executive control network (t(111) � 1.8, p � 0.07). All other
comparisons between networks were not significantly different

Figure 3. Continuous mean arousal and valence ratings for the movie clip provided by an independent sample of participants. The movie clip evoked a wide range of arousal and valence levels.
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[(1) salience vs executive control net-
works, quadratic, t(111) � 0.2, p � 0.83;
(2) salience vs default mode network, lin-
ear, t(111) � 1.1, p � 0.26; (3) salience vs
default mode network, quadratic, t(111) �
�0.8, p � 0.41; (4) executive control vs
default mode network, linear, t(111) �
�1.0, p � 0.33; (5) executive control vs
default mode network, quadratic, t(111) �
�1.2, p � 0.23]. Therefore, within-
network cohesion generally increased
with heart rate, and the salience and de-
fault mode networks in particular showed
positive relationships between within-
network cohesion and arousal. These
effects cannot be attributed purely to
physiological effects as the methods of cal-
culating network cohesion accounted for
responses observed in out-of-network
brain regions to control for nonspecific
levels of cohesion.

Between-network cohesion and
arousal response
The mean between-network cohesion
across time was first calculated for each
participant, and then tested across partic-
ipants, revealing that the networks in
general behaved similarly rather than re-
ciprocally (salience-executive control
network, t(111) � 8.3, p � 0.001; salience-
default mode network, t(111) � 20.3, p �
0.001; executive control-default mode
network, t(111) � 17.2, p � 0.001).

Cohesion between networks was then
related to continuous heart rate (Fig. 5).
Only the salience–executive control net-
work pair showed a significant negative
quadratic relationship (t(111) � �2.8, p �
0.006) with no linear component (p � 0.65)
between heart rate and between-network
cohesion, such that cohesion was low at
both low and high levels of arousal, but high
at moderate levels of arousal. No other be-
tween-network pairs showed significant lin-
ear or quadratic relationships (all t(111) � 1,
not significant. The salience–executive con-
trol network quadratic relationship with
heart rate significantly differed from the sa-
lience–default mode network and executive
control–default mode network quadratic
relationships with heart rate (F(1, 111) � 7.2,
p � 0.008). Taken together, arousal specifi-
cally related to salience–executive control
network cohesion, which was highest under
moderate levels of arousal.

Mean activity and arousal response
We examined the relationship of within-network and between-
network activity with arousal using the same methodological
steps of relating within-network cohesion to arousal. These
results demonstrated that arousal was not related to within-
network activity (all t(111) �1, not significant) or to activity in any

between-network pair in a linear or quadratic manner (salience–
executive control network, linear, t(111) � 1, not significant; sa-
lience– executive control network, quadratic: t(111) � �1.6, p �
0.40; salience– default mode network, linear and quadratic:
t(111) � 1, not significant; executive control– default mode net-
work, linear, t(111) � 1.3, p � 0.20; executive control– default
mode network, quadratic: t(111) � 1, not significant).

A

B

Figure 4. Within-network cohesion for the salience network, executive control network, default mode network, and comple-
ment mask as a function of heart rate, a physiological index of arousal. A, Circles represent the mean network cohesion rank across
participants for each heart rate rank. B, There was a significant positive linear relationship between heart rate and salience network
cohesion, as well as heart rate and default mode network cohesion. There was also a positive quadratic relationship between heart
rate and default mode network cohesion. *p � 0.05, **p � 0.01, ***p � 0.001.
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Validation of the network cohesion measure
Finally, Figure 6 demonstrates that the network cohesion index
indeed captured the entire network rather than just a small
portion of voxels or specific edges that would have suggested
motion-related artifacts.

Discussion
Our study extends existing knowledge
about changes in neural circuits by demon-
strating that cohesion both within and
between large-scale networks dynamically
varies according to arousal level. Most nota-
bly, our results show that salience network
cohesion has a monotonically increasing
association with arousal, while salience–ex-
ecutive control network cohesion has an
inverted-U relationship with arousal. These
results highlight and extend network mod-
els emphasizing the role of the salience net-
work in network switching (Menon and
Uddin, 2010; Menon, 2011), as well as the
effects of stress on salience and executive
control network functioning (Hermans et
al., 2014).

Arousal and salience network cohesion
Our results broaden the current under-
standing of salience network function by
demonstrating a linearly increasing rela-
tionship between salience network cohesion
and arousal, which can be observed on a
moment-to-moment basis across a broad
range of arousal levels. This is consistent
with neurobiological evidence showing that
arousing and stressful environments trigger
a widespread cascade of neurochemical
changes thought to rapidly coordinate and
adjust brain functioning at the level of large-
scale neural systems (Joëls and Baram,
2009). For instance, arousal levels vary ac-
cording to firing patterns of LC neurons
(Aston-Jones and Cohen, 2005; Valentino
and Van Bockstaele, 2008) that project to
distant sites to release norepinephrine (Ra-
jkowski et al., 1998; Valentino and Van
Bockstaele, 2008). Norepinephrine released
from the LC has recently been proposed to
bias perception and memory toward salient
and high-priority stimuli by creating “nor-
epinephrine hot spots” in salience network
structures (Mather et al., 2015). Impor-
tantly, the salience network helps guide
adaptive behavior (Bressler and Menon,
2010), tag salient stimuli for further process-
ing (Menon and Uddin, 2010; Menon,
2011), and coordinate interactions between
other large-scale networks (Menon and Ud-
din, 2010). Indeed, it has been shown that
acute stress increases responsivity and con-
nectivity within the salience network, and
�-adrenergic blocking agents reduce the sa-
lience network response by blocking the ac-
tion of norepinephrine (Hermans et al.,
2011). While numerous studies have shown

salience network enhancement in response to stress, it has also
been shown that network responses to stressors are not static
(McMenamin et al., 2014). As a result, we adapted existing methods
of measuring network cohesion (Raz et al., 2012) to create a novel

A

B

Figure 5. Between-network cohesion for salience network, executive control network, and default mode network pairs as a
function of heart rate. A, Circles represent the mean between-network cohesion rank across participants for each heart rate rank.
B, There was a significant negative quadratic relationship between heart rate and salience– executive control network cohesion.
The salience– executive control network quadratic relation with heart rate also differed from the salience– default mode network
and executive control– default mode network quadratic relations. **p � 0.01.
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dynamic network cohesion measure that enabled us to examine how
network changes unfold as a function of arousal level on a moment-
to-moment basis.

Communication between salience and executive
control networks
Based on existing behavioral and neurobiological research
(Yerkes and Dodson, 1908; Arnsten, 2009), we hypothesized that
arousal would have an inverted-U-shaped relationship with ex-
ecutive control network cohesion. Although the lack of a signifi-
cant relationship between executive control network cohesion
and heart rate may suggest that arousal levels were not high
enough to reach the supraoptimal breakdown of the executive
control network, the inverted-U shaped relationship between
arousal and salience-executive control between-network cohe-
sion suggests that this is not the case. More specifically, instead of
increased and subsequent decreased executive control network
cohesion from low to moderate to high arousal, we found that
executive control network cohesion remained stable regardless of
arousal level, but was highly coupled with the salience network
only at moderate arousal. This corresponds with the proposed
“circuit-breaking” function of the salience network and the LC,
in which the salience network communicates with the executive
control network to disrupt ongoing cognitive activity when sa-
lient stimuli are detected (Corbetta and Shulman, 2002). In re-
sponse to task-relevant stimuli, LC neurons shift from inactive to
phasic responding under moderate arousal when attention is fo-
cused (Aston-Jones et al., 1999), thus altering norepinephrine
release in an arousal-dependent manner. Phasic noradrenergic
activity and engagement of salience network regions then resets
executive control network nodes to support executive function-
ing (Bouret and Sara, 2005; Sara and Bouret, 2012). Effective
connectivity analyses, in which the right anterior insula in partic-
ular has been shown to have a critical role in activating the exec-
utive control network (Sridharan et al., 2008; Goulden et al.,
2014), as well as a transcranial magnetic stimulation study, which

used excitatory stimulation of a salience network node to increase
within-salience network and within-executive control network
connectivity (Chen et al., 2013), provide further evidence of the
salience network influencing the executive control network
(Uddin, 2015). Together, the salience network engages the exec-
utive control network, likely through phasic norepinephrine sig-
naling, in the presence of salient stimuli to alter cognitive and
behavioral functioning. Determining which nodes are driving the
between-network coordination will be an important next step. It
is also important to note that just as with other fMRI connectivity
methods, the between-network cohesion measure does not guar-
antee direct interactions between nodes of two networks, and
may instead reflect networks that are both engaged but operating
independently. Nevertheless, we propose that salience network-
related switches that engage the executive control network occur
specifically under moderate arousal after considering our results
with the extant literature.

Breakdown of network coordination under high arousal
This adaptive network switching function may break down at
high levels of arousal, such as in hypervigilant or distractible
states in which LC neurons are tonically active (Aston-Jones
et al., 1999). Our finding of reduced salience– executive control
between-network cohesion at high arousal suggests that optimal
executive control network engagement triggered by the salience
network (Sridharan et al., 2008; Goulden et al., 2014) does not
occur in hypervigilant or distractible states, thereby supporting
the inverted-U-shaped interaction of the two networks. Although
salience monitoring in the high-arousal state still occurs, as re-
flected by the high within-salience network cohesion, subsequent
network switching and executive control network engagement
may be unable to follow the frequent signals sent by the salience
network. This may be due to an overload of cognitive demands
placed on the executive control network, such as simultaneously
supporting attentional shifts, recollection of relevant memories,
and regulation of behavioral responses to the arousing material.
Multitasking is associated with delayed activity in the executive
control network (Sigman and Dehaene, 2008), and the posterior
lateral prefrontal cortex, a core node of the executive control
network, is thought to be a bottleneck region in multitask pro-
cessing (Dux et al., 2006). However, whether activity and connec-
tivity within a network increases (Buchweitz et al., 2012) or
decreases (Newman et al., 2007) during multitasking depends on
the automaticity and similarity of the tasks. Thus, the executive
control network may not shut down under high arousal as previ-
ously proposed (Arnsten, 1998; Hermans et al., 2014), but may
instead still be active in supporting a variety of demands related to
being in a high-arousal state. However, explicit links between
high arousal and increased multitasking behavior have not yet
been established.

Between-network coordination
Notably, the typical opposing relationship observed between the
executive control and default mode networks reported in resting-
state studies that use global-signal regression was not observed
here in the presence of continuous stimuli. This could be ex-
plained by our method; to control for nonspecific cohesion in
out-of-network brain regions, we normalized against regions not
included in the salience, executive control, or default mode net-
works, instead of using global-signal correction, which mathe-
matically mandates negative correlations (Fox et al., 2009). As a
result, cohesion in the salience, executive control, and default
mode networks were all positively correlated, albeit at varying

Figure 6. Validation of the salience, executive control, and default mode networks. Areas
significantly correlated with the eigenvector describing the underlying temporal patterns of
each network are shown. Results were thresholded using a Gaussian mixture model approach to
demonstrate that the network cohesion index indeed captured the entire network rather than
just a small portion of voxels or specific edges. Colored outlines depict the a priori regions of
interest that defined each network.
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levels. Similarity of behavior across all networks may reflect en-
trainment by the physical features of the movie itself, or the
presence of a constant external stimulus may have prevented sup-
pression of the executive control network in the low-arousal state
that most resembles resting state. Additionally, the unexpected
increased within-default mode network cohesion especially from
moderate to high arousal may reflect greater self-focused reap-
praisal, a core function of the default mode network (Buckner et
al., 2008) that requires mentally reframing events to alter the
personal relevance and emotional impact of an experience. The
demand for self-focused reappraisal may be particularly great
during moderate to high arousal levels, reflected by increased
within-default mode network cohesion, if participants were fol-
lowing instructions to watch the movie clip from the perspective
of a bystander or if participants were using coping mechanisms to
process the aversive cinematographic material. Both of these sit-
uations require the use of theory of mind, a mentalizing ability to
ascribe mental states to oneself and others to explain and predict
behavior, which robustly activates the default mode network
(Spreng and Grady, 2010).

Implications for psychopathology
Importantly, our results extend a prominent triple network
model of psychopathology (Menon, 2011) by suggesting that
stress-related mental disorders involve inadequate network
switching due to frequent or constant high-arousal states. Similar
to our findings of increased salience network cohesion under
high arousal, increased activity and connectivity within the sa-
lience network has been consistently shown in anxiety disorders,
such as post-traumatic stress disorder (Etkin and Wager, 2007;
Sylvester et al., 2012). Our finding of decreased salience– execu-
tive control between-network cohesion related to arousal also
expands research demonstrating reduced functional connectivity
between salience and executive control network nodes in individ-
uals with high trait anxiety (Basten et al., 2011) and generalized
anxiety disorder (Etkin et al., 2009). Therefore, network patterns
observed here under high arousal resemble network-level aber-
rations observed in stress-related psychopathology. Understand-
ing the dynamics of large-scale neural systems at varying levels of
arousal and stress is indeed a crucial step toward developing a
circuit-level understanding of stress-related mental disorders
(Insel et al., 2010; Deisseroth, 2014).

Conclusions
Our findings suggest that the coordination of complex cognitive
processes that allow for adaptive responding according to one’s
arousal level is supported by changes in cohesion within and
between large-scale brain networks. More specifically, increased
salience-related functioning with heightening arousal is under-
pinned by the monotonically increasing relationship between
arousal and salience network cohesion. In contrast, coordination
between salience and executive functions is optimal under mod-
erate arousal, as reflected by the peak salience– executive control
network cohesion in this state. In this way, changes in cohesion
within and between large-scale brain networks may explain shifts
in cognitive functioning during acute stress, and may play an
important role in the development and maintenance of stress-
related mental disorders.
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