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Abstract

Resting state brain networks (RSNs) are spatially distributed large-scale networks, evidenced by resting state functional
magnetic resonance imaging (fMRI) studies. Importantly, RSNs are implicated in several relevant brain functions and present
abnormal functional patterns in many neuropsychiatric disorders, for which stress exposure is an established risk factor. Yet,
so far, little is known about the effect of stress in the architecture of RSNs, both in resting state conditions or during shift to
task performance. Herein we assessed the architecture of the RSNs using functional magnetic resonance imaging (fMRI) in a
cohort of participants exposed to prolonged stress (participants that had just finished their long period of preparation for
the medical residence selection exam), and respective gender- and age-matched controls (medical students under normal
academic activities). Analysis focused on the pattern of activity in resting state conditions and after deactivation. A
volumetric estimation of the RSNs was also performed. Data shows that stressed participants displayed greater activation of
the default mode (DMN), dorsal attention (DAN), ventral attention (VAN), sensorimotor (SMN), and primary visual (VN)
networks than controls. Importantly, stressed participants also evidenced impairments in the deactivation of resting state-
networks when compared to controls. These functional changes are paralleled by a constriction of the DMN that is in line
with the pattern of brain atrophy observed after stress exposure. These results reveal that stress impacts on activation-
deactivation pattern of RSNs, a finding that may underlie stress-induced changes in several dimensions of brain activity.
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Introduction

For many years it has been recognized that acute stress is state

of increased vigilance and alertness and to get the organism ready

to take action before the impact of dangers [1]. Under brief

stressful conditions, the ability to perceive changes in the

surrounding environment becomes critical to mount an appropri-

ate response. However, when the homeostatic mechanisms are

disrupted, namely through prolonged stress exposure, maladaptive

responses take place and trigger inappropriate functional responses

with behavioral consequences, including deficits in attention

control [2–5]. Recently, we showed, both in humans and rodents,

that chronic stress triggers long-lasting, but reversible, changes in

the frontostriatal networks that govern instrumental behavior

decisions with impairments in decision-making processes [6,7].

It is well established that the brain is organized into multiple

spatially distributed large-scale networks; this is evidenced by task-

based functional magnetic resonance imaging (fMRI) studies [8–

10] but also by resting state fMRI studies [11–13]. The latter, also

known as resting state networks (RSNs), include the default mode

(DMN), attention (dorsal and ventral), sensorimotor (SMN), visual

(VN), auditory (AN), language and memory networks. The DMN

is a network of brain cortical areas that present high metabolic

activity when the brain is ‘‘at rest’’ and the individual is not

focused on any external demand. This network displays a high

degree of functional connectivity between various interacting brain

areas. Typically, the DMN comprises areas of the posterior

cingulate cortex (pCC) and adjacent precuneus (PCu), the medial

prefrontal cortex (mPFC), medial, lateral and inferior parietal

cortex, and medial and inferior temporal cortex [14,15]. The

DMN is thought to serve important cognitive functions such as

supporting internal mental activity detached from the external

world, but also in connecting internal and external attention in

monitoring the world around us [16,17]. There is also evidence

that task-induced deactivations of the DMN have been function-

ally associated with goal-directed behavior [18]. Specifically,

deactivation may correspond to a deviation in the default-mode

towards a tuning down task-focused behavior that requires

attention focus and other demanding cognitive processes. More-

over, task-induced DMN deactivation was related with perfor-

mance in several cognitive tasks (e.g. [19]), whereas failure of

deactivation has been associated with neuropsychiatric diseases

(e.g. [20,21]). While the DMN shows deactivation during

cognitively demanding tasks [19,22], activation in attentional
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networks (dorsal attention and ventral attention networks) typically

increases [23,24]. Specifically, in addition to the typical DMN, two

largely segregated canonical networks in their spatial distribution

have also been consistently observed during the brain’s resting

state and related with attention-demanding tasks: a bilateral dorsal

attention network (DAN), which includes the dorsal frontal and

parietal cortices (intraparietal sulcus), and the ventral attention

network (VAN), largely right-lateralized, which includes the

ventral frontal and parietal cortices (temporo-parietal junction),

the insular cortex and subcortical regions [24,25]. While the DAN

has been associated with goal-directed, top-down attention

processes as inhibitory control, working memory and response

selection, the VAN is related with salience processing and mediates

stimulus-driven, bottom-up attention processes [24–26]. More-

over, it is relevant to note that dorsal and ventral systems appear to

interact not only during cognitive tasks [27,28] but also during

spontaneous activity [25].

In addition to the typical DMN, VAN and DAN, other

networks have also been consistently observed during the brain’s

resting state, including: the VN involving the occipital and

bilateral temporal regions which is linked to the visual processing

network and mental imagery [13,29]; the AN including the

superior temporal and inferior frontal gyrus, known for being

responsible in auditory processing and language comprehension;

the SMN involving the precentral, postcentral gyrus, cerebellum,

portion of the frontal gyrus that subserves sensorial and motor

tasks [12,25,30,31] and the self-referential network including the

medial prefrontal, the anterior cingulate cortex and the hypothal-

amus [13]. Importantly, all these RSNs were also shown to present

abnormal functional patterns in many neuropsychiatric disorders

[32–36] For example, in autism, RSNs are much more loosely

connected [32,33]; increased functional connectivity was found in

social anxiety disorder patients between the right posterior inferior

temporal gyrus and the left inferior occipital gyrus, and between

the right parahippocampal/hippocampal gyrus and the left middle

temporal gyrus [34]; patients with borderline personality disorder

showed an increase in functional connectivity in the left

frontopolar cortex and the left insula, whereas decreased

connectivity was found in the left cuneus [35]; patients with

major depressive disorder exhibited increased functional connec-

tivity in the anterior medial cortex regions and decreased

functional connectivity in the posterior medial cortex regions

compared with controls [36].

Notably, the effect of stress in the functional architecture of

RSNs, both during task performance or resting state conditions, is

largely unknown. Moreover, although neuropsychiatric diseases

(e.g. bipolar disorders, schizophrenia) have been associated with

abnormal patterns of RSNs deactivation, which may be related

with difficulties in task-focusing and cognitive resources allocation,

studies performed during prolonged stress, an established risk

factor for neuropsychiatric disorders, are absent. Thus, the main

goal of this study was to test if the functional connectivity of RSNs

might be aberrant in chronic stress conditions. To achieve this

goal, we assessed the architectural differences of RSNs using fMRI

independent component analysis (ICA) on resting state data and

task induced deactivation analysis, and region-of-interest surface

assessments.

Materials and Methods

Participants, Psychological Tests and Cortisol
Measurements

The participants included in this study were 8 controls (2 males,

6 females; mean age, 24.2561.98) and 8 stress (2 males, 6 females;

mean age, 23.8660.35) participants submitted to prolonged

psychological stress exposure. Control participants included a

cohort of medical students under their normal academic activities,

whereas the stress group included participants that had just

finished their long period of preparation for the medical residence

selection exam. Participants responded to a laterality test and to a

self-administered questionnaire regarding stress assessment (Per-

ceived Stress Scale – PSS - [37]. Participants were further assessed

with the Hamilton anxiety scale [38] and the Hamilton depression

scale [39] by a certified psychologist. Upon filling of the

questionnaires, and immediately before the MRI and fMRI

acquisitions, participants collected saliva samples with the help of

Salivette (Sarstedt, Germany) collection devices. Collection took

place between 9am and 5pm in all participants. Samples were

stored at 220uC until the biologically active, free fraction of the

stress hormone cortisol was analyzed using an immunoassay (IBL,

Hamburg).

Ethics Statement
The study was conducted in accordance with the principles

expressed in the Declaration of Helsinki and was approved by the

Ethics Committee of Hospital de Braga (Portugal). The study goals

and tests were explained to all participants and all gave informed

written consent.

Data Acquisition
Participants were scanned on a clinical approved Siemens

Magnetom Avanto 1.5 T (Siemens Medical Solutions, Erlangen,

Germany) on Hospital de Braga using the Siemens 12-channel

receive-only head coil. The different imaging sessions were

conducted in the same day and the Siemens Auto Align scout

protocol was used to minimize variations in head positioning. For

structural analysis and registration to standard space, a T1 high-

resolution anatomical sequence, 3D MPRAGE (magnetization

prepared rapid gradient echo) was performed with the following

scan parameters: repetition time (TR) = 2.4 s, echo time

(TE) = 3.62 ms, 160 sagittal slices with no gap, field-of-view

(FoV) = 234 mm, flip angle (FA) = 8u, in-plane resolu-

tion = 1.261.2 mm2 and slice thickness = 1.2 mm. During RS-

fMRI acquisition, using gradient echo T2* weighted echo-planar

images (EPIs), participants were instructed to keep the eyes closed

and to think in nothing particular. The imaging parameters were:

100 volumes, TR = 3 s, TE = 50 ms, FA = 90u, in-plane resolu-

tion = 3.463.4 mm2, 30 interleaved slices, slice thickness = 5 mm,

imaging matrix 64664 and FoV = 220 mm. fMRI paradigm

acquisition was acquired using: TR = 2 s, TE = 20 ms, FA = 90u,
in-plane resolution and slice thickness 3.3 mm, 38 ascending

interleaved axial slices with no gap and FoV = 212 mm. The

functional paradigm is described in [7] and was presented using

the fully integrated fMRI system IFIS-SA.

Image Pre-processing
Before any data processing and analysis, all the different

acquisitions were inspected and confirmed that they were not

affected by critical head motion and that participants had no brain

lesions.

To achieve signal stabilization and allow participants to adjust

to the scanner noise, the first 5 volumes (15 seconds) were

discarded. Data preprocessing was performed using SPM8

(Statistical Parametrical Mapping, version 8, http://www.fil.ion.

ucl.ac.uk) analysis software. Images were firstly corrected for slice

timing using first slice as reference and SPM8’s Fourier phase shift

interpolation. To correct for head motion, images were realigned

to the mean image with a six-parameter rigid-body spatial
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transformation and estimation was performed at 0.9 quality, 4 mm

separation, 5 mm FWHM smoothing kernel using 2nd degree B-

Spline interpolation. No participants exceed head motion higher

than 2 mm in translation or 1u in rotation. Images were then

spatially normalized to the MNI (Montreal Neurological Institute)

standard coordinate system using SPM8 EPI template and

trilinear interpolation. Data were then re-sampled to 36363

mm3 using sinc interpolation, smoothed to decrease spatial noise

with a 8 mm, full-width, half-maximum, Gaussian kernel,

temporally band-pass filtered (0.01–0.08 Hz) and the linear trend

was removed. The pre-processing of fMRI paradigm images was

previously described [7].

Independent Component Analysis and Identification of
RSN

Spatial independent component analysis was conducted for all

participants using the Group ICA 2.0d of fMRI Toolbox (GIFT,

http://www.icatb.sourceforge.net) [40,41]. Concisely, ICA analy-

sis consists in extracting the individual spatial independent maps

and their related time courses. The reduction of dimensionality of

the functional data and computational load was performed with

Principal Component Analysis (PCA). 20 components were

estimated for each subject and ICA calculation was then

performed using the iterative Infomax algorithm. The ICASSO

tool was used to assess the ICA reliability, and 20 computational

runs were performed on the dataset, during which the components

were being recomputed and compared across runs and the

robustness of the results was ensured [42]. The independent

components were obtained and each voxel of the spatial map was

expressed as a t-statistic map, which was finally converted to a z-

statistic. Z-statistic describes the voxels that contributed more

intensely to a specific independent component, providing a degree

of functional connectivity within the network [43,44]. The final

components were visually inspected, sorted and spatially correlat-

ed with resting state functional networks from [45]. The best-fit

components of each individual (z-maps) were used to perform

group statistical analyses.

RSN Deactivation during fMRI Task Analysis
fMRI paradigm was analyzed by creating a set of regressors at

rest and at the time of making a decision, which were convolved

with the hemodynamic response function. In order to reliably map

task-induced deactivations, we combined all the resting periods

(resting baseline condition) and all the decision periods using a

protocol previously described [7] (decision condition), given that

decision periods were equally demanding. The contrast used to

assess task-induced deactivations was the resting baseline condition

minus decision condition. Resulting functional patterns were

masked with the previously described RSNs templates.

Structural Analysis
Structural analysis based on segmentation of brain structures

from T1 high-resolution anatomical data was performed using the

freely available Freesurfer toolkit version 5.0 (http://surfer.nmr.

mgh.harvard.edu). Intracranial volume (ICV) was used to correct

the volumes and the processing pipeline was the same as

previously described [7]. DMN was defined by the summed

volume of the angular gyrus of inferior parietal lobe, the posterior

cingulate, the precuneus and the frontopolar region [14,15]. The

summed volume of the middle frontal gyrus (dorsolateral and

prefrontal region) and the posterior parietal region constituted the

DAN [46,47]. VAN was constituted by the sum of the temporal-

parietal junction and the ventral frontal cortex volumes [25]. SMN

was defined by the summed volume of the paracentral, precentral

postcentral and the cerebellum [45]. The summed volume of the

cuneus, pericalcarine and the lingual region constituted the

primary VN [45].

Statistical Analyses
Results of the psychological scales, cortisol levels, and regional

volumes were analyzed in the IBM SPSS Statistics software, v.19

(IBM, New York). Comparisons between the control and stress

groups were done with two-tailed independent-samples t-test. For

all these comparisons significance level was set at 0.05. Values are

presented as mean 6 standard error of the mean.

Group analysis of the fMRI resting state and task induced

deactivations were performed using the second level random effect

analyses in SPM8. Initially, within group analyses were performed

only to confirm the activation of the RS networks in the different

groups, using one-sample t-tests. Therefore, between group

analyses were implemented with directional two-sample t-tests,

to directly compare the groups based on the two experiments

designed. Functional results for all RSNs were considered

significant at a corrected for multiple comparisons p,0.05

threshold (based on the combination of height threshold with a

minimum cluster size), determined by Monte Carlo simulation

program (AlphaSim). Anatomical labeling was defined by a

Figure 1. Clinical characteristics of the cohort. (A): Perceived Stress Scale (PSS), Hamilton Anxiety Scale (HAS); Hamilton Depression Scale (HAD)
and (B): Salivary Cortisol levels of the stressed and control groups. **P,0.01; *P,0.05.
doi:10.1371/journal.pone.0066500.g001
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combination of visual inspection and Anatomical Automatic

Labeling atlas (AAL) [48].

Results

Physiological and Behavioral Results
Stress impact was confirmed in several dimensions: in the

Perceived Stress Scale (PSS, Figure 1A; P,0.007) and in the

Hamilton anxiety (HAS, Figure 1A; P,0.042) and depression

scores (HAD, Figure 1A; P,0.001); finally, we found a significant

increase in salivary cortisol levels in stressed participants

(Figure 1B; P,0.042).

Functional Connectivity Results
The one-sample t-tests revealed a typically spatial pattern of

activation (connectivity) and deactivation in DMN, DAN, VAN,

SMN, VN and AN in both experimental groups (results not

shown). Increased resting functional connectivity was identified in

DMN, both attention networks, SMN and VN in the stress group

when compared to controls (Figure 2 and Table 1). In contrast, in

the comparison control.stress, there was no significant increase of

connectivity in any of the studied RSNs. More specifically, in what

regards DMN activity, stress increased functional connectivity in

the medial prefrontal cortex, medial orbitofrontal cortex, pCC and

the precuneus (pCUN) (Table 1). In DAN, increased functional

connectivity was found in the superior parietal, right middle

occipital and left medial and superior frontal in stress group

(Table 1). Increased functional activation was found in the left

angular, superior parietal and middle frontal in stressed partici-

pants in VAN (Table 1). In SMN, stress increased functional

connectivity in the left paracentral lobule, precentral, right

postcentral and the left cerebellum (Table 1). Finally, increased

functional activation was found in the calcarine in stressed

participants in VN (Table 1).

In task-induced deactivations, increased deactivations in DMN,

both attention networks, SMN and VN were found in controls

compared to stressed participants (Figure 3 and Table 2). More

specifically, increased deactivations in the left middle occipital,

angular and in the pCUN, middle occipital and temporal and

parahippocampal right was found in DMN of controls when

compared to stress participants (Table 2). In DAN, controls

presented higher functional deactivation in the inferior temporal

and superior parietal (Table 2). Controls showed an increased

deactivation of the VAN, specifically in the left angular and

inferior parietal and temporal, compared to stressed participants

(Table 2). In SMN, controls presented higher functional deacti-

vation in the cerebellum and in the left precentral (Table 2). Left

calcarine was highly deactivated in controls compared to stress

participants in the VN (Table 2). No significant region was found

to display greater deactivation in stressed participants than in

controls in any of the studied RSNs.

Expansion/Contraction Maps of the RSNs
Whole brain analysis for relative intracranial volumes did not

differ between experimental groups. However, a significant

reduction (p,0.014) in total DMN volume (corrected ICV) was

seen in stressed participants compared to controls (Figure 4).

Specific areas of contraction were observed in the left pCC

Figure 2. The impact of stress in Resting State Networks (RSNs) at rest. The images depict areas in which stress participants display greater
activity than controls in the default mode network (DMN) (A), dorsal attention network (DAN) (B), ventral attention network (VAN) (C), sensorimotor
network (SMN) (D) and visual network (VN) (E), extracted by independent component analysis and using two-sample t-tests, with results considered
significant at a corrected for multiple comparisons p,0.05 threshold. Noticeable, there were no areas of increased activation of these RSNs in controls
than in stress individuals.
doi:10.1371/journal.pone.0066500.g002

Stress on Resting State Brain Networks

PLOS ONE | www.plosone.org 4 June 2013 | Volume 8 | Issue 6 | e66500



(p,0.025) and the left and right parietal inferior (p,0.024 and

p,0.016, respectively). No significant areas of constriction or

expansion were found in the dorsal and ventral attention in the

SMN and primary VN (p = 0.86, p = 0.55, p = 0.87 and p = 0.67,

respectively) between experimental groups.

Discussion

Herein, we showed for the first time that stress increases the

activation of the DMN at rest in the ventral mPFC, pCC, adjacent

pCUN and inferior parietal cortex. Based on previous studies

highlighting the role of the DMN at rest [16,17,49,50], our results

suggest an augment in self-reflective thoughts but also an increased

dynamic interaction between emotional processing (i.e., ventral

regions) and cognitive functions (i.e., dorsal regions) in stressed

participants, as a result of increased activity in the anterior

components of the DMN. The increases in the posterior regions of

the DMN observed in stressed participants, particularly the pCC

and the inferolateral parietal lobes, are likely associated with

longer processing of emotionally salient stimuli and episodic

memory retrieval [51,52]. Notably, this increase in functional

connectivity was associated with a contraction of the connectivity

map of the DMN, with specific reductions in the left pCC and left

and right parietal inferior regions. These are likely to reflect the

stress-induced atrophic effects in cortical regions, observed in

several previous reports [5,7], although the alternative explanation

of a reduction of the number of neurons recruited cannot be

completely excluded at this moment.

The characterization of changes in functional connectivity

between brain networks subserving distinct psychophysiological

functions is of relevance to understand the symptoms triggered by

stress, namely mood and anxiety changes [53]. Indeed, stress is

well-known to be a precipitating factor for mood changes, a

finding confirmed in the present study by the increased scoring in

a validated scale of depression. Interestingly, in depressed

participants, an increased fMRI connectivity pattern between

the ‘‘dorsal nexus’’ (a bilateral dorsal medial prefrontal cortex

region) and the DMN has been reported [54]; importantly, this

hyperconnectivity has recently been shown to be reduced by

antidepressants [55–57]. Strikingly, the present study reveals an

increased functional connectivity between mPFC (part of dorsal

nexus) and pCC in stressed participants. Finally, the finding of

increased activation in resting states of the anterior cingulate

cortex is also of relevance for the affective processing of negative

information, known to be altered in depressed patients [36,58,59]

but may additionally be related to a higher vigilance and alertness

in stressed participants.

Indeed, another behavioral dimension targeted by stress is

emotional hyperactivity; again, herein we confirmed that stressed

individuals score higher in the Hamilton anxiety scale. The finding

of increased connectivity between the superior parietal, right

middle occipital and left medial and superior frontal in the stress

group suggests that brain regions belonging to DAN could play a

role in emotional regulation and in the higher state of vigilance

and awareness, which is typical of stressed-induced hyperemo-

tionality. Moreover, the present findings of increased functional

connectivity in the pCC in stressed participants than in controls,

Table 1. Group Differences (Stress.Control) at rest, in brain regions of the DMN, DAN, VAN, SMN and VN maps (two sample t-
tests, corrected for multiple comparisons, p,0.05).

Condition Regions Peak MNI coordinates
Cluster size
(voxels)

Maximum Z
score

Default Mode Network (Stress.Controls) Frontal superior medial (left) 0, 63, 9 499 3.82

Frontal medial orbitofrontal (left) 212, 54, 23 3.64

Precuneus (right) 3, 263, 39 253 3.78

Cingulum posterior (right) 9, 245, 30 3.47

Precuneus (left) 0, 263, 60 3.39

Occipital middle (left) 233, 281, 27 61 3.41

Dorsal Attention Network (Stress.Controls) Parietal superior (right) 21, 266, 51 64 5.03

Occipital middle (right) 30, 263, 39 4.20

Frontal superior (left) 221, 3, 57 71 4.62

Frontal middle (left) 230, 23, 51 3.99

Parietal superior (left) 218, 272, 48 332 4.61

Ventral Attention Network (Stress.Controls) Angular (left) 251, 254, 33 260 4.18

Parietal superior (left) 233, 260, 51 2.09

Frontal middle (left) 245, 21, 45 70 3.75

Sensorimotor Network (Stress.Controls) Paracentral Lobule (left) 215, 227, 69 114 4.49

Precentral (left) 218, 212, 78 4.24

Precentral (right) 18, 227, 69 62 4.11

Postcentral (right) 33, 230, 54 2.86

Cerebellum (left) 23, 260, 218 22 3.42

Precentral (left) 242, 212, 51 21 3.27

Visual Network (Stress.Controls) Calcarine (left) 23, 272, 15 214 5.18

Calcarine (right) 15, 272, 12 4.26

doi:10.1371/journal.pone.0066500.t001
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Figure 3. The impact of stress in Resting State Networks (RSNs) during task-induced deactivations. The images illustrate areas of
increased deactivation in controls when compared to stressed participants in the default mode network (DMN) (A), dorsal attention network (DAN)
(B), ventral attention network (VAN) (C), sensorimotor network (SMN) (D) and visual network (VN) (E), extracted by general linear model analysis and
using two-sample t-tests, with results considered significant at a corrected for multiple comparisons p,0.05 threshold. Importantly, no areas of
increased deactivation of these RSNs were found in stressed individuals when compared to controls.
doi:10.1371/journal.pone.0066500.g003

Table 2. Group Differences (Stress,Control) in brain regions of the DMN, DAN and VAN maps in task-induced deactivation (two
sample t-tests, corrected for multiple comparisons, p,0.05).

Condition Regions Peak MNI coordinates
Cluster size
(voxels)

Maximum Z
score

Default Mode Network (Stress,Controls) Occipital middle (left) 244, 274, 26 282 3.28

Precuneus (right) 6, 250, 12 747 3.23

Angular (left) 250, 268, 30 74 3.01

Occipital middle (right) 42, 274, 22 351 2.80

Temporal middle (right) 48, 274, 36 2.59

Angular (right) 54, 266, 28 2.52

Parahippocampal (right) 30, 226, 218 86 2.18

Dorsal Attention Network (Stress,Controls) Temporal inferior (right) 48, 260, 214 60 3.37

Temporal inferior (left) 248, 260, 24 61 2.53

Parietal superior (right) 28, 272, 50 163 2.36

Parietal superior (left) 224, 262, 62 115 2.13

Ventral Attention Network (Stress,Controls) Angular (left) 248, 268, 30 270 3.24

Parietal inferior (left) 228, 280, 44 2.38

Temporal inferior (left) 254, 256, 210 73 2.27

Sensorimotor Network (Stress.Controls) Cerebellum (left) 26, 256, 212 521 3.16

Cerebellum (right) 12, 256, 210 2.85

Precentral (left) 230, 222, 70 72 2.19

Visual Network (Stress.Controls Calcarine (left) 4, 286, 14 83 2.74

doi:10.1371/journal.pone.0066500.t002
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along with a decreased deactivation in pCUN is of notice. The

pCC and the pCUN are sometime referred to as a pivotal hub of

the DMN in social cognition and in theory of mind [60]. Our

results are also in line with previous fMRI studies revealing a lower

deactivation in the pCUN on anxious patients [60,61]. As a matter

of fact, our findings sustain the hypothesis that pCUN would be

able to suspend functional connectivity within the DMN, being

related to perception of socially relevant emotional state and self-

related mental representations [15].

Finally, in accordance with these data evincing emotional

hyperactivity as increased anxiety states and related vigilance and

alertness, we observed a greater activation of the sensorimotor

(SMN), and primary visual (VN) networks in stressed participants.

This suggests an hyperactivation of cortical and subcortical

attention areas oriented to perception–action, brain systems

required to stress-related fight or flight responses. Also, this is in

line with disrupted sensorimotor gating mechanisms (necessary to

mediate threat selective attention to the most salient signals and

ignore other non relevant signals that emerge simultaneously)

found in stress conditions [62]. Therefore, our results suggest that

stress induces an increase in the general level of alertness and

motor response in the stress participants, as suggested by others

[63].

Interestingly, the present study reveals not only differences in

the pattern of activation of RSNs, but also relevant differences in

deactivation of these networks. The VAN was found to be

associated with task control function [64–66] and to be implicated

in ‘‘salience’’ processing [47]. Importantly, the greater functional

connectivity found in the VAN during resting state fMRI in

stressed participants is likely to be of relevance to understand the

decreased functional deactivation of RSNs during task-focused

behavior, suggesting a difficulty in moving from more oriented,

self-related processes towards a tuning down task-focused behav-

iour that requires allocation of attention and other cognitive. In

fact, it has been shown that the VAN has an important role in

cognitive control related to switching between the DMN and task-

related networks [46], even thought, the increased rest activity of

the DMN in stressed participants might simply require an

increased effort for its deactivation during the transition from rest

to task-focused activity, which might impact on functional

performance. This is consistent with previous studies showing that

failure of RSNs deactivation was already evidenced in several

neuropsychiatric diseases such as schizophrenia, first-episode

psychosis, mild cognitive impairment and mild Alzheimer’s disease

(e.g. [20,21,67]).

Although the RSNs studied herein provide a valuable frame-

work through which alterations of functional connectivity driven

by chronic stress exposure can be assessed, they do not cover the

whole cortex and thus do not provide a complete description of

brain functional architecture. Another limitation of this study

relates to the impossibility to provide information on the functional

connectivity of RSNs with several regions of the limbic system. In

addition, one must still be cautious about the neurophysiological

relevance of RSNs, namely on the functional significance of these

task-networks when dynamically assembled and modulated during

different behavioral states.

In conclusion, while there is substantial evidence for an

association between RSNs activation/deactivation abnormalities

and psychiatric disorders [68–73], this is to the best of our

knowledge the first study exploring the functional significance of

RSNs patterns after sustained stress exposure. The similarities of

present findings with those evidenced by depressed and anxious

patients clearly suggest that these patterns of abnormal activity of

RSNs in stress participants may represent a neurobiological

marker for the stress-induced increased emotionality. The present

data, however, also reveals a deficit in the deactivation of the

RSNs that reflects an impaired turning off of the un-activated

state. Future studies might permit to clarify specific relationship

between specific RSNs abnormalities and core phenomena of

stress-related disorders as well as whether plastic phenomena also

operate after the end of the stress exposure.

Author Contributions

Conceived and designed the experiments: JMS AS JAP JJC NS. Performed

the experiments: JMS AS LMF NCS PM FM. Analyzed the data: JMS AS

LMF NCS PM JAP JJC NS. Wrote the paper: JMS AS JAP JJC NS.

References

1. Arthur AZ (1987) Stress as a state of anticipatory vigilance. Percept Mot Skills

64: 75–85.

2. Sapolsky RM (1996) Why stress is bad for your brain. Science 273: 749–750.

3. McEwen BS, Gianaros PJ (2011) Stress- and allostasis-induced brain plasticity.

Annu Rev Med 62: 431–445.

4. Lupien SJ, McEwen BS, Gunnar MR, Heim C (2009) Effects of stress

throughout the lifespan on the brain, behaviour and cognition. Nat Rev

Neurosci 10: 434–445.

Figure 4. Volumetric Changes in the default mode network (DMN) after stress exposure. (A) Schematic representation of global DMN
volumetric changes. (B) Regional volumetric differences in the DMN between Stress and Control groups. *P,0.05.
doi:10.1371/journal.pone.0066500.g004

Stress on Resting State Brain Networks

PLOS ONE | www.plosone.org 7 June 2013 | Volume 8 | Issue 6 | e66500



5. Liston C, McEwen BS, Casey BJ (2009) Psychosocial stress reversibly disrupts

prefrontal processing and attentional control. Proc Natl Acad Sci U S A 106:

912–917.

6. Dias-Ferreira E, Sousa JC, Melo I, Morgado P, Mesquita AR, et al. (2009)

Chronic stress causes frontostriatal reorganization and affects decision-making.

Science 325: 621–625.

7. Soares JM, Sampaio A, Ferreira LM, Santos NC, Marques F, et al. (2012) Stress-

induced changes in human decision-making are reversible. Transl Psychiatry 2:

e131.

8. Anticevic A, Repovs G, Shulman GL, Barch DM (2010) When less is more: TPJ

and default network deactivation during encoding predicts working memory

performance. NeuroImage 49: 2638–2648.

9. Thomason ME, Chang CE, Glover GH, Gabrieli JD, Greicius MD, et al. (2008)

Default-mode function and task-induced deactivation have overlapping brain

substrates in children. NeuroImage 41: 1493–1503.

10. Zou Q, Ross TJ, Gu H, Zuo XN, Hong LE, et al. (2012) Intrinsic resting-state

activity predicts working memory brain activation and LID - 10.1002/

hbm.22136 [doi]. Hum Brain Mapp.

11. Damoiseaux JS, Rombouts SA, Barkhof F, Scheltens P, Stam CJ, et al. (2006)

Consistent resting-state networks across healthy subjects. Proc Natl Acad

Sci U S A 103: 13848–13853.

12. Fox MD, Raichle ME (2007) Spontaneous fluctuations in brain activity observed

with functional magnetic resonance imaging. Nat Rev Neurosci 8: 700–711.

13. Mantini D, Perrucci MG, Del Gratta C, Romani GL, Corbetta M (2007)

Electrophysiological signatures of resting state networks in the human brain.

Proceedings of the National Academy of Sciences of the United States of

America 104: 13170–13175.

14. Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, et al. (2001)

A default mode of brain function. Proc Natl Acad Sci 98: 676–682.

15. Buckner RL, Andrews-Hanna JR, Schacter DL (2008) The brain’s default

network: anatomy, function, and relevance to disease. Ann N Y Acad Sci 1124:

1–38.

16. Greicius MD, Krasnow B, Reiss AL, Menon V (2003) Functional connectivity in

the resting brain: a network analysis of the default mode hypothesis. Proceedings

of the National Academy of Sciences of the United States of America 100: 253–

258.

17. Mason MF, Norton MI, Van Horn JD, Wegner DM, Grafton ST, et al. (2007)

Wandering minds: the default network and stimulus independent thought.

Science 315: 393–395.

18. Harrison BJ, Pujol J, Contreras-Rodriguez O, Soriano-Mas C, Lopez-Sola M, et

al. (2011) Task-induced deactivation from rest extends beyond the default mode

brain network. PLoS One 6: e22964.

19. Mayer JS, Roebroeck A, Maurer K, Linden DE (2010) Specialization in the

default mode: Task-induced brain deactivations dissociate between visual

working memory and attention. Hum Brain Mapp 31: 126–139.

20. Pomarol-Clotet E, Salvador R, Sarro S, Gomar J, Vila F, et al. (2008) Failure to

deactivate in the prefrontal cortex in schizophrenia: dysfunction of the default

mode network? Psychol Med 38: 1185–1193.

21. Guerrero-Pedraza A, McKenna PJ, Gomar JJ, Sarro S, Salvador R, et al. (2012)

First-episode psychosis is characterized by failure of deactivation but not by

hypo- or hyperfrontality. Psychol Med 42: 73–84.

22. Uddin LQ, Kelly AM, Biswal BB, Xavier Castellanos F, Milham MP (2009)

Functional connectivity of default mode network components: correlation,

anticorrelation, and causality. Hum Brain Mapp 30: 625–637.

23. Corbetta M, Akbudak E, Conturo TE, Snyder AZ, Ollinger JM, et al. (1998) A

common network of functional areas for attention and eye movements. Neuron

21: 761–773.

24. Kim H (2010) Dissociating the roles of the default-mode, dorsal, and ventral

networks in episodic memory retrieval. NeuroImage 50: 1648–1657.

25. Fox MD, Corbetta M, Snyder AZ, Vincent JL, Raichle ME (2006) Spontaneous

neuronal activity distinguishes human dorsal and ventral attention systems. Proc

Natl Acad Sci U S A 103: 10046–10051.

26. Corbetta M, Shulman GL (2002) Control of goal-directed and stimulus-driven

attention in the brain. Nat Rev Neurosci 3: 201–215.

27. Duan X, Liao W, Liang D, Qiu L, Gao Q, et al. (2012) Large-scale brain

networks in board game experts: insights from a domain-related task and task-

free resting state. PLoS ONE 7: e32532.

28. Majerus S, Attout L, D’Argembeau A, Degueldre C, Fias W, et al. (2012)

Attention supports verbal short-term memory via competition between dorsal

and ventral attention networks. Cereb Cortex 22: 1086–1097.

29. Ganis G, Thompson WL, Kosslyn SM (2004) Brain areas underlying visual

mental imagery and visual perception: an fMRI study. Brain research Cognitive

brain research 20: 226–241.

30. Biswal B, Yetkin FZ, Haughton VM, Hyde JS (1995) Functional connectivity in

the motor cortex of resting human brain using echo-planar MRI. Magn Reson

Med 34: 537–541.

31. Habas C, Kamdar N, Nguyen D, Prater K, Beckmann CF, et al. (2009) Distinct

cerebellar contributions to intrinsic connectivity networks. J Neurosci 29: 8586–

8594.

32. Cherkassky VL, Kana RK, Keller TA, Just MA (2006) Functional connectivity

in baseline resting-state network in autism. NeuroReport 17: 1687–1690.

33. Kennedy DP, Courchesne E (2008) The intrinsic functional organisation of the

brain is altered in autism Neuroimage 39: 1877–1885.

34. Liao W, Xu Q, Mantini D, Ding J, Machado-de-Sousa JP, et al. (2011) Altered

gray matter morphometry and resting-state functional and structural connec-

tivity in social anxiety disorder. Brain Res 1388: 167–177.

35. Wolf RC, Sambataro F, Vasic N, Schmid M, Thomann PA, et al. (2011)

Aberrant connectivity of resting-state networks in borderline personality

disorder. Journal of psychiatry & neuroscience : JPN 36: 100150.

36. Zhu X, Wang X, Xiao J, Liao J, Zhong M, et al. (2012) Evidence of a

dissociation pattern in resting-state default mode network connectivity in first-

episode, treatment-naive major depression patients. Biol Psychiatry 71: 611–617.

37. Cohen S, Kamarck T, Mermelstein R (1983) A global measure of perceived

stress. J Health Soc Behav 24: 385–396.

38. Hamilton M (1959) The assessment of anxiety states by rating. Br J Med Psychol

32: 50–55.

39. Hamilton M (1967) Development of a rating scale for primary depressive illness.

Br J Soc Clin Psychol 6: 278–296.

40. Calhoun VD, Adali T, Pearlson GD, Pekar JJ (2001) A Method for Making

Group Inferences from Functional MRI Data Using Independent Component

Analysis Human Brain Mapping 14: 140–151.

41. Correa N, Adali T, Li Y, Calhoun V (2005) Comparison of blind source

separation algorithms for FMRI using a new Matlab toolbox: GIFT. Proc IEEE

Int Conf Acoust, Speech, Signal processing 5: 401–404.

42. Himberg J, Hyvarinen A, Esposito F (2004) Validating the independent

components of neuroimaging time series via clustering and visualization.

NeuroImage 22: 1214–1222.

43. Bartels A, Zeki S (2005) Brain dynamics during natural viewing conditions–a

new guide for mapping connectivity in vivo. Neuroimage 24: 339–349.

44. Beckmann CF, DeLuca M, Devlin JT, Smith SM (2005) Investigations into

resting-state connectivity using independent component analysis. Philos

Trans R Soc Lond B Biol Sci 360: 1001–1013.

45. Shirer WR, Ryali S, Rykhlevskaia E, Menon V, Greicius MD (2012) Decoding

subject-driven cognitive states with whole-brain connectivity patterns. Cereb

Cortex 22: 158–165.

46. Sridharan D, Levitin DJ, Menon V (2008) A critical role for the right fronto-

insular cortex in switching between central-executive and default-mode

networks. Proc Natl Acad Sci U S A 105: 12569–12574.

47. Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, et al. (2007)

Dissociable intrinsic connectivity networks for salience processing and executive

control. J Neurosci 27: 2349–2356.

48. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, et al.

(2002) Automated anatomical labeling of activations in SPM using a

macroscopic anatomical parcellation of the MNI MRI single-subject brain.

Neuroimage 15: 273–289.

49. Andrews-Hanna JR, Reidler JS, Sepulcre J, Poulin R, Buckner RL (2010)

Functional-anatomic fractionation of the brain’s default network. Neuron 65:

550–562.

50. Raichle ME, Snyder AZ (2007) A default mode of brain function: a brief history

of an evolving idea. NeuroImage 37: 1083–1090; discussion 1097–1089.

51. Wagner AD, Shannon BJ, Kahn I, Buckner RL (2005) Parietal lobe

contributions to episodic memory retrieval. Trends Cogn Sci 9: 445–453.

52. Maddock RJ, Garrett AS, Buonocore MH (2003) Posterior cingulate cortex

activation by emotional words: fMRI evidence from a valence decision task.

Hum Brain Mapp 18: 30–41.

53. Bessa JM, Mesquita AR, Oliveira M, Pego JM, Cerqueira JJ, et al. (2009) A

trans-dimensional approach to the behavioral aspects of depression. Front Behav

Neurosci 3: 1.

54. Sheline YI, Price JL, Yan Z, Mintun MA (2010) Resting-state functional MRI in

depression unmasks increased connectivity between networks via the dorsal

nexus. Proc Natl Acad Sci U S A 107: 11020–11025.

55. McCabe C, Mishor Z (2011) Antidepressant medications reduce subcortical-

cortical resting-state functional connectivity in healthy volunteers. NeuroImage

57: 1317–1323.

56. McCabe C, Mishor Z, Filippini N, Cowen PJ, Taylor MJ, et al. (2011) SSRI
administration reduces resting state functional connectivity in dorso-medial

prefrontal cortex. Mol Psychiatry 16: 592–594.

57. Scheidegger M, Walter M, Lehmann M, Metzger C, Grimm S, et al. (2012)

Ketamine decreases resting state functional network connectivity in healthy

subjects: implications for antidepressant drug action. PLoS ONE 7: e44799.

58. Lemogne C, Delaveau P, Freton M, Guionnet S, Fossati P (2012) Medial

prefrontal cortex and the self in major depression. J Affect Disord 136: e1–e11.

59. Greicius MD, Flores BH, Menon V, Glover GH, Solvason HB, et al. (2007)

Resting-state functional connectivity in major depression: abnormally increased

contributions from subgenual cingulate cortex and thalamus. Biol Psychiatry 62:

429–437.

60. Gentili C, Ricciardi E, Gobbini MI, Santarelli MF, Haxby JV, et al. (2009)

Beyond amygdala: Default Mode Network activity differs between patients with

social phobia and healthy controls. Brain Res Bull 79: 409–413.

61. Carey PD, Warwick J, Niehaus DJ, van der Linden G, van Heerden BB, et al.

(2004) Single photon emission computed tomography (SPECT) of anxiety

disorders before and after treatment with citalopram. BMC Psychiatry 4: 30.

62. Grillon C, Davis M (1997) Effects of stress and shock anticipation on prepulse

inhibition of the startle reflex. Psychophysiology 34: 511–517.

63. Pijlman FT, Herremans AH, van de Kieft J, Kruse CG, van Ree JM (2003)

Behavioural changes after different stress paradigms: prepulse inhibition

Stress on Resting State Brain Networks

PLOS ONE | www.plosone.org 8 June 2013 | Volume 8 | Issue 6 | e66500



increased after physical, but not emotional stress. Eur Neuropsychopharmacol

13: 369–380.
64. Dosenbach NU, Fair DA, Miezin FM, Cohen AL, Wenger KK, et al. (2007)

Distinct brain networks for adaptive and stable task control in humans. Proc Natl

Acad Sci U S A 104: 11073–11078.
65. Dosenbach NU, Visscher KM, Palmer ED, Miezin FM, Wenger KK, et al.

(2006) A core system for the implementation of task sets. Neuron 50: 799–812.
66. Mantini D, Corbetta M, Perrucci MG, Romani GL, Del Gratta C (2009) Large-

scale brain networks account for sustained and transient activity during target

detection. NeuroImage 44: 265–274.
67. Rombouts SA, Barkhof F, Goekoop R, Stam CJ, Scheltens P (2005) Altered

resting state networks in mild cognitive impairment and mild Alzheimer’s
disease: an fMRI study. Hum Brain Mapp 26: 231–239.

68. Brier MR, Thomas JB, Snyder AZ, Benzinger TL, Zhang D, et al. (2012) Loss of
intranetwork and internetwork resting state functional connections with

Alzheimer’s disease progression. J Neurosci 32: 8890–8899.

69. Hahn A, Stein P, Windischberger C, Weissenbacher A, Spindelegger C, et al.

(2011) Reduced resting-state functional connectivity between amygdala and

orbitofrontal cortex in social anxiety disorder. NeuroImage 56: 881–889.

70. Liao W, Chen H, Feng Y, Mantini D, Gentili C, et al. (2010) Selective aberrant

functional connectivity of resting state networks in social anxiety disorder.

NeuroImage 52: 1549–1558.

71. Meda SA, Gill A, Stevens MC, Lorenzoni RP, Glahn DC, et al. (2012)

Differences in resting-state functional magnetic resonance imaging functional

network connectivity between schizophrenia and psychotic bipolar probands

and their unaffected first-degree relatives. Biol Psychiatry 71: 881–889.

72. Wee CY, Yap PT, Zhang D, Denny K, Browndyke JN, et al. (2012)

Identification of MCI individuals using structural and functional connectivity

networks. NeuroImage 59: 2045–2056.

73. Woodward ND, Rogers B, Heckers S (2011) Functional resting-state networks

are differentially affected in schizophrenia. Schizophr Res 130: 86–93.

Stress on Resting State Brain Networks

PLOS ONE | www.plosone.org 9 June 2013 | Volume 8 | Issue 6 | e66500


