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"�	������������#�"�$�� ��� ����	����������� ����%�	���&������'	���(����� #%&'$� ������������������!�

����������	����	�����������	��	�� #���������	����	�����������	��	!������	����������	��������	��	$!������

�����������������	���������������������������������)*)*!���������������	���������������������	����

������������������������������	��������������	��������	�������	�+����!��������!��	���������������

���	����������#,�������������!�)*�-$��&�����	!�������#�	������	�����	���$����������	����������������

#�	� �����	� ����	���$� ��	���� ��� ��� �������������� .�	� ���� ���	�� ��� ���� ���� 	�����(��� ����� ������

��	���� ��� �� ������ ��� ��	������ ��������� ��� ���	����� ��� ��� ���� ���� �	������ 	����� ��� ��/�� ������

����	�� ���� ������� ��� ����	�� #0	���	!��123$��4��	� �	���� ��	������� ��������!� ������������ �����	������

������� ��������		���������	��������������	������� �������������	��	�����	��������'�����

����	� ���!� ��� ��� ����� ������������ ����� �	������� ��� 	���������� ��	���� #�����������$� ���� ������	�����

������� �� ��������� ����������� �������!� �������� ���� �"��� ��	���� �	����	�� ������ ���� ��������� ���

	������!���������	���������	�������!������	���		�������������������������0�	���������	���������

#�05$� ��� �����	� �����	� ��	�����	��� �������!� �������� ���� &������������6������	��0�	����

#&60$� �7���� 8��� &60� �7��� ��� 	��������� ���� �7������	�� ��� �������	�� ������ ��� ������� ��� �	��	�����

��	����	��� ����� �	�� �������� �� ��	���� �	�������� ��� ������!� ����� ��� ���� �	��	����� ��� ���	��	�

��������� ��	��7!� ��������!� ������ ��� ������������ #��� 9����� ��� ���!� )**:$�� ��	�����!� ��� ���� ����	�

��	������	�����������������������������������������	��������������	���������������	���������

������ ��	������ ���	����!� ����� ���������� ��	� ������������� ��� ���� ������������ #;������� ��� ���!�

)**1$���

8������������������������	��	�����	������������	���������������	�������	������������	���������	�������

&�����	!� ���� ���� ������������ ���������� ��� ����� ����� ��	������� �������� �	�� ���	�����!� �����	�

������������������������������	������	�����	���������	�������������	������������������7�������������

��������� ���������� #��	����� �	������� ��	���� �7����	�$!� ������������ 	�������� ��/�� ������ ���
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)**1=5�>��� ��� ?���	��!� )*��=������ ��� 0������!� )*�)$�� 5����������� ��	���� �������� ���������

�������	���	�������+���������	����	�����������������	�������	/�!����������������+������������

	������������	�������	�����#������������!�)**2=,�����������!�)**1$��������!�����	����������������	��������

��	������������������������������	���	���!���	/�������	������������	������7���������8������������	���

��������	�����	������� ����������@���	����� 	��	���(����� ������� ������������������� �����������

�	��	�������	��7� #������������!�)***=��	+���	��������!�)**3='������	���������!�)*��$����	���� ��������

/������ ��������	�����	����	���������	����������������	���� �����������	��	��� �� ����!���������

������������������������	����������������������	��/������	���	����������������������������	��	�!�

������������	����	�����������	��	�#6������	����;���!�)**2=A�����������!�)**1$���

0�� ����	����!� ���� �	��� ��� ���� /��� �	��� �������� �� ���� ��	���� 	������!� ��� ��� ������� �����

��	����	����������������������������������	�����������	��������7��	�������������!�������	����������!�

����� ��	������ ����� ������������ ��������!� ���	� ������� ����� ������� ��� �7�	������	/�����!� ��	����

�����	����	������	�����������������������#,�������������!�)*�-$��������������������!��������������

���� ����� ����� ��	���� #����� �������������$!� �	� ���� ���� ����������!� ���� ������	���� ���� 	���� ���

���������������������	��������������������������	�������	��������#0�����������!�)*�)='B;��������

���!�)*�)$�����!����������+����!��������������������������������������������������������������

5�������������	����	�����������	����������������	����������������������!���������������������������

����	������	��/���	�����	�����������	��	�!�������0�(�����	C����������#����	��������������!�)*��$��0��

��!���	���������������������	�����	���������	����������������	���������������!��������������	�������

���	��������������������������������

6	������!������	���	����������������������	�<*����	������	����������	������������	������	��������

������������������12*������������	�����������	�����)�����������)*:*!������	������������������	������

�7���������������������	���	������8�������������������!��	����������������������������	��������

�� �� ��	� ����	�� ��	� ����	� ����������� 6������ �	�� ������ ����	� ��� ���	����� ��������	� �����!� ������

��������� ���������������������!��������������������	��	��������������������������������	�

�������� ��� ���	��� .�	���	��	�!� ����	� ����������� ��/�� ����	���� ���	�������� ��� �������� ��� �������

�����	�!����������	/�	������������	�!�����������	���������������	�	����������7��	�������/����������
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������	�� ��� ����������� ��	�� #"������� ��������� �� 0���!� )**3=%�	��� &������ '	���(����!� )*�-$��

.�����!� ����� ���� ����������� ������� ��������� ������� ��� +������� ��� ����!� ��	������	��� �� ����!�

����������� ����� ��� ����������� �������� �� ���� ���������� ���	����� ��	���������� ����!� ������
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0�� �����	��� �����!��	�����	�������� ���������������	���������	����	�(�������������	��������������

����� ��� �	���	������ ��� ��	����	��� ��� ��������� ��� ��� /��!� ��	� �7�����!� ����� ���� ����	� ���

�������	����	������	������������������!��	�����������	�����	����	���������������	������	���������

��� ��	���� ��	����� ��!� �� ��	������ ������ �����	� #%5$� �������� ����� ����� ��� ������ ����	���!�

���	������ ���� ������7���� ��� ��	���� ���������� 8��� �	��� ����� ��� 	������ ��� ������ ��	���

������� ��� ������� �� ��������� ��������� ��� ��	����	��� 	��	���(������ �� �	��� ����������� D� �����

�	���	�������������!���������������#6�	/����A����	�,�	�(!�)**1=5�>������?���	��!�)*��$��

�	�������!� ������	!� ������������ ��	���� �������� ��������� �������	� ��	����� ��+������� ��	����	��� ���

�����������������������	�������	/����	��������������

�����	����������������������������������������������������	���	��������������	�������	�����!����

����������� ������������	������!� ������	�������� ����������� ����� ����� ������������ ������	����� ����

����� �	��� ��	���� ���� ��������� ;������� ���� ����� ��� ��������� �������� �� ��	�������!� ����

	����������� ������� �����	��� �	��� ��	�����	�� �� ����� ��� ��	���� ��� ������ ��	�� ��������� 8���!�

����������� ���	������!� ����� �	���� ��������� ��� ����������� �������!� �	�� �� ���� �� ���� �������

����	����� ��� ��	�������� �����+���!� ����� ��� ��	����	��� �������� 	������� ������� #5A�$!�

��������� ������� #�5A�$� ��� ��������� ����	� ������� #;8�$!� ��� �	������ ��� �������� �� �����	�

���	�����������	�����	����	����������������������	������	��������	������������	������������	����

���	����� ��� ���� ������� ��� ��	���� �� ���� ��	����	�� ��� ������� ��� ���� �	��!� ��������� ��� �� �	����

����	��������������	���	����������������������.�����!������������/���	������	����������������	������

������� ��	���� ����	��� ��	����	�� ��� ������� ��	��� ��������� �����!����	���� ���� ��	��������

�������� ������ �	�������� ���� �����	�� ��� ��	����������� ��� ��������� ����	������ ������ ���� �	��!�
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�������� ���� �"��� �� ����!� �	������� ��	���� �7����	�� �����	�� �������� ��	/��� ����	�!� ��	��������

�������!� �������	��� ���7�������� ��� ����������/��� ����� �� 	������ ��� �� ������ #E����� ��� ���!�

)**-=��	+���	��������!�)**:=;����.�		��	��������!�)**1=F���������!�)*�)$��;���������/��� ���/���	��

��� ��� ���� ����� �	�+���� ��������� �	�������� �� �� ������ ������ ��!� ���	���	�!� ��	��� ���������

���	�������!����������� �������!�����������/��� ���/���������	�����������	���	������	�����������

�����#���������&�����!�)***=9�������/�������!�)**:$��

��	����	��� ��� ��������� ������� ��� ����	��� �	��� 	������ ����� ���� ����������� ����� ������ ��	����

��	������������������������������!������������	���������������	����������������������������	����

��� ������� ��	����	��� 5���� ��� ���� �������� ����� ��� 	������� �������� �� ��	������ ��������� #���	�

�����	�����	���� �����	�������������$� �� ������	����	������������������� �������	������ ����&60��7��!�

�����!��	��	�����������	��	������������	��7!�������������������������#,�������������!�)*�-$��

������	� �	��	����� ��� ���	��	� ��������� ��	��7� ������������� ���� ����	���� �� �����������������	�

���	�����������	��	�#.	����������!�)**2$!�������	�����������	��#;��G	����������!�)*�
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$�� 8��� �������� ����� ����	/� #;5"$� ���� ���� ��� ��	� ���� �����

������������ A�"� ��� ����� ��� ��� ����+����� ���� ��� �	������� ���� ����� ��������� �����������
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Stress-induced changes in human decision-making
are reversible

JM Soares1,2,3,5, A Sampaio1,4,5, LM Ferreira1,2,3, NC Santos1,2,3, F Marques1,2,3, JA Palha1,2,3, JJ Cerqueira1,2,3 and N Sousa1,2,3

Appropriate decision-making relies on the ability to shift between different behavioral strategies according to the context in

which decisions are made. A cohort of subjects exposed to prolonged stress, and respective gender- and age-matched controls,

performed an instrumental behavioral task to assess their decision-making strategies. The stressed cohort was reevaluated after

a 6-week stress-free period. The behavioral analysis was complemented by a functional magnetic resonance imaging (fMRI)

study to detect the patterns of activation in corticostriatal networks ruling goal-directed and habitual actions. Using structural

MRI, the volumes of the main cortical and subcortical regions implicated in instrumental behavior were determined. Here we

show that chronic stress biases decision-making strategies in humans toward habits, as choices of stressed subjects become

insensitive to changes in outcome value. Using functional imaging techniques, we demonstrate that prolonged exposure to stress in

humans causes an imbalanced activation of the networks that govern decision processes, shifting activation from the associative to

the sensorimotor circuits. These functional changes are paralleled by atrophy of the medial prefrontal cortex and the caudate, and

by an increase in the volume of the putamina. Importantly, a longitudinal assessment of the stressed individuals showed that both

the structural and functional changes triggered by stress are reversible and that decisions become again goal-directed.

Translational Psychiatry (2012) 2, e131; doi:10.1038/tp.2012.59; published online 3 July 2012

Introduction

The ability to mount an appropriate response to stress is vital

for the survival of every living organism. However, when the

homeostatic mechanisms to cope with stressful stimuli are

disrupted, either because the individual has a particular vulne-

rability or because the response system is exhausted by a

continuous activation, maladaptive responses take place and

predispose to cognitive impairment and even to pathological

conditions.1–3 Maladaptive stress affects cognitive behavior

through sequential structural modulation of brain networks,

mainly as a consequence of the release of corticosteroids.4,5

In fact, several studies have revealed stress-induced deficits

in spatial reference- and working-memory and behavioral

flexibility;6,7 these behavioral changes are attributed to

synaptic/dendritic reorganization in both the hippocampus6

and the medial prefrontal cortex.7,8 Recently, we showed, in

rodents, that chronic stress triggers changes in the frontos-

triatal networks that govern instrumental behavior decisions.9

Briefly, different corticostriatal circuits are thought to control

competing behavioral strategies during choice situations:

whereas the medial prefrontal cortex and the caudate nuclei

(associative striatum) have been implicated in goal-directed

actions, the putamen (sensorimotor striatum) has been

implicated in habitual behavior.10,11 In that study, we showed

that chronic stressed rats display an atrophy of the associative

network (medial prefrontal cortex and dorsomedial striatum),

in parallel with a hypertrophy of the dorsolateral (sensorimotor)

striatum and the most lateral portions of the orbitofrontal

cortex. In addition, the structural changes were associated

with a bias in decision-making strategies, as behaviors in

stressed rats rapidly shifted from goal-directed actions to

habits.9

This automatization of recurring decision processes into

stereotypic behaviors or habits caused by exposure to stress

can be viewed as ‘advantageous’, as it increases behavioral

efficiency by releasing cognitive resources for more demand-

ing tasks.10 Typically, habitual responses do not require the

evaluation of their consequences and can be elicited by

particular situations or stimuli.10,11 However, to adapt to

ever-changing life conditions, the ability to select the

appropriate actions to obtain specific outcomes based on

their consequences is of utmost importance. The capacity

to shift between habit-based and goal-directed actions is a

condition for appropriate decision-making.12 Importantly,

this flexibility includes the ability to inhibit automatisms

(habits) in order to use the more demanding goal-directed

strategies, which was shown to be impaired in stressed

rodents.9
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Materials and methods

Subjects, psychological tests and cortisol measure-

ments. Two cohorts of medical students participated in

this experiment: one was under their normal academic

activities (controls, n¼ 12; 6 females, 6 males; mean age,

23.6±2.11), whereas the other included subjects that had

just finished their long period of preparation for the medical

residence selection exam (chronic psychosocial stress;

stress group, n¼ 12, 6 females, 6 males; mean age, 23.9±

0.70). For the longitudinal assessment, stressed individuals

(n¼ 12) were reassessed in similar conditions 6–7 weeks

after the end of the exposure to stress. To control for the

influence of test–re-test, a smaller cohort of stress-recovered

individuals (n¼ 4; 2 females, 2 males; mean age, 24.25±

0.96) naı̈ve to the first experiment were also included. In

addition, we also reassessed a smaller cohort of control

subjects (n¼ 4; 2 females, 2 males; mean age, 24.33±1.15)

6 weeks after the first assessment. After arrival, the subjects

responded to a laterality test and to a self-administered

questionnaire regarding stress assessment (perceived stress

questionnaire).13 The perceived stress questionnaire is a

reliable and validated instrument to assess chronic psycho-

social stress in both healthy and clinical adult samples.5,13,14

It measures four scales (worries, tension, joy, demands); the

first three scales represent internal stress reactions, whereas

the scale ‘demands’ relates to perceived external stressors.

Participants were further assessed with the Hamilton anxiety

scale15 and the Hamilton depression scale16 by a certified

psychologist. The Hamilton scales provide a broad asse-

ssment and are widely used, including healthy populations;17

here, the clinical cut-scores for anxiety and depression were

not used, but rather a continuous approach to the variables to

compare absolute scores was utilized. Upon filling of the

questionnaires, and immediately before the instrumental

task, subjects collected saliva samples using Salivette

(Sarstedt, Germany) collection devices. Collection took

place between 0900 h and 0500h in all subjects (the varia-

tion in cortisol levels in this time period is relatively small;18

furthermore, subjects from the control and the stressed group

were mixed in order to have a similar distribution of the

collection time for cortisol, allowing to minimize the impact of

the variation in collection time). Samples were stored at

ÿ20 1C until the biologically active, free fraction of the stress

hormone cortisol was analyzed using an immunoassay

(IBL, Hamburg, Germany). Subjects were preassessed to

exclude those with a previous history of neurological or psy-

chiatric illness; none indicated a history of eating disorders.

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 S. Marcos (Braga,

Portugal). The study goals and tests were explained to all

participants and all gave informed written consent.

Instrumental task. The task was adapted from a validated

protocol.19 Subjects were asked to fast for at least 12 h

before their scheduled arrival time at the laboratory, but were

permitted to drink water. Before starting the instrumental

task, hunger level and pleasantness of the liquid foods were

checked for each subject. The liquid-food rewards were

chocolate milk and tomato juice. Alternatively, apple or straw-

berry juices were given to subjects that did not find pleasant

either chocolate or tomato juice. These liquid foods were

selected as they can be administered in liquid form, are

palatable at room temperature, and their flavor and texture

are distinguishable; in this way, sensory-specific satiety effects

were kept and the likelihood of the subjects developing a

generalized satiety to all liquid foods was minimized. The

food rewards were delivered by means of separate syringe

pumps (one for each liquid) positioned in the scanner room;

subjects received the food through polyethylene plastic tubes

(straw-like) although they lay supine in the scanner. The task,

with an event-related jittered design, consisted of different

sessions: sessions of valued (VAL) actions with reward

deliver followed by sessions of devalued (DEV) actions with

the outcome devaluation and extinction. Between the two

sessions there was a 30-min break, during which subjects

were fed to satiety with one of the two liquid foods, outside of

the scanner. Each session consisted of 150 trials (50 trials

per condition: chocolate, tomato and neutral) subdivided in

five blocks of 30 trials each. In each trial, the decision time

was 1.5 s; after each decision, the choice appeared high-

lighted during 4 s; this was followed by the reward delivery

time, a black screen with a red fixation with 2 s duration, and

the jittered interstimulus interval with 4 s mean duration

(Supplementary Figure 1). Before the experiment, subjects

were informed about the pairs of fractal patterns that would

appear on each trial and were instructed to select one of the

possible actions on each trial. They were informed that

according to their choices they would receive 0.75ml of liquid

food (valued outcome), the same quantity of a neutral solution

(water) or nothing; although there was no information about

which action was associated with which particular outcome,

subjects were told that one of each pair of actions was

associated with a higher probability of obtaining an outcome

than the other. During the first session, subjects were instru-

cted to learn to choose the actions that led to high

probabilities of pleasant liquid foods, including chocolate

and tomato juice. Choosing this option led to a chance of

obtaining chocolate milk (P¼ 0.4) or orange juice (P¼ 0.3) in

the chocolate condition, and tomato juice (P¼ 0.4) or orange

juice (P¼ 0.3) in the tomato condition. After this session, in

which subjects learned to preferentially choose the options

that gave them the best chance of obtaining a juice reward,

they were then removed from the scanner and invited to eat

to satiety (selective satiation), until they did not want to eat

any more, and the pleasantness rating for that food had

decreased (devaluation), as checked by a reassessment

similar to the one used before session 1. This selective

outcome devaluation procedure served to devalue one of the

outcomes associated with a particular instrumental action,

leaving the value of the outcome associated with the other

action intact. To test the effects of the devaluation procedure,

subjects underwent a second session, in which they were

presented with the same trial types involving the same

actions and once again had to select whichever action they

preferred. The chosen stimulus increased in brightness as it

did during the first session but, in this session, the outcome

was no longer presented (that is, the subjects were tested

in extinction for these outcomes). That is, the devalued and
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non-devalued outcomes were never presented again to the

subjects during the test. Yet, to maintain responses on both

the actions subjects still received the non-devalued orange

juice outcome so that the overall outcome was now available

with equal probability on the two available actions (P¼ 0.3

each). The total acquisition time was between 2.5–3 h. Using

this design and by comparing the different patterns of

activation between the first (first 30 trials) and the last

block (last 30 trials), one can appreciate the different

brain areas associated with distinct behaviors during the

instrumental task.

Data acquisition. The different MRI acquisition sequences

of the brain were conducted in different sessions on the same

day, using a clinically approved Siemens Magnetom Avanto

1.5. T (Erlangen, Germany). The detailed description of data

acquisition is provided in Supplementary Materials and methods.

Image processing. The detailed description of fMRI and

volumetric data analysis20–24 is provided in Supplementary

Materials and methods.

Statistical analysis. Results of the psychological scales,

cortisol levels, behavioral performance and regional volumes

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

(IBM, New York, USA). The detailed description of the

statistical analysis is provided in Supplementary Materials/

subjects and Methods.

Results

Stress insensitivity to outcome devaluation is rever-

sible. In order to investigate whether our previous findings in

rodents translate into humans, we designed two experiments.

In the first, two cohorts of medical students were recruited:

one was under their normal academic activities (controls,

n¼ 12), whereas the other included subjects that had just

finished their long period of preparation for the medical

residence selection exam (stress group, n¼ 12). Stressed

individuals displayed increased scores in the stress-per-

ceived questionnaire (Figure 1a; t22¼ 3.429, P¼ 0.002) and

in the Hamilton anxiety (t22¼ 2.202, P¼ 0.042) and depression

scores (t22¼ 3.698, P¼ 0.001) when compared with controls;

a trend was also found for increased salivary cortisol levels in

stressed subjects (t22¼ 2.077, P¼ 0.05). In the second

experiment, we performed a longitudinal study in the same

stressed individuals (stress recovered, n¼ 12) by reass-

essing their psychological and behavioral performance 6–7

Figure 1 Exposure to chronic stress does not influence the acquisition of instrumental tasks and activates the associative fronto-striatal network. (a) Mean score of the
stress perceived questionnaire (control vs stress t22¼ 3.429, P¼ 0.002; stress vs stress recovered t11¼ 3.663, P¼ 0.004). (b) Response rate during the acquisition of the
task, for the valued rewards ((b1) chocolate, (b2) tomato) in both the high (chocolate: control t11¼ 2.568, P¼ 0.026; stress t11¼ 3.806, P¼ 0.003; stress recovered
t11¼ 2.615, P¼ 0.024; tomato: control t11¼ 3.144, P¼ 0.009; stress t11¼ 2.556, P¼ 0.027; stress recovered t11¼ 2.828, P¼ 0.016) and the low probability options
(chocolate: control t11¼ 1.321, P¼ 0.213; stress t11¼ 2.152, P¼ 0.054; stress recovered t11¼ 3.120, P¼ 0.010; tomato: control t11¼ 2.677, P¼ 0.022; stress t11¼ 2.335,
P¼ 0.039; stress recovered t11¼ 2.187, P¼ 0.051). No significant differences were found between groups. (c1), Pattern of activation when deciding between high- vs low-
value choices during the learning phase of the task (that is, contrast between the last and first block of the first session). The activation in the medial prefrontal cortex (left
medial superior gyrus; x¼ÿ10, y¼ 44, z¼ 32; Z score¼ 2.81; Po0.002, uncorrected) demonstrates the engagement of this brain region during the acquisition of the
decision task. No other brain region showed effects at this significance in this contrast. (c2), Pattern of brain activation in controls throughout the learning phase of the task.
There is activation of components of the associative network, namely the medial prefrontal cortex (anterior cingulate: x¼ 0, y¼ 10, z¼ 42; Z score¼ 4.13; Po0.05,
corrected for small volume for family wise error (FWE)) and the caudate nucleus (left: x¼ÿ12, y¼ 6, z¼ 10; Z score¼ 4.49; Po0.05, corrected for small volume for FWE
and right x¼ 18, y¼ 10, z¼ 18; Z score¼ 3.67; Po0.05, corrected for small volume for FWE).
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weeks after the end of the exposure to stress, which allowed

to infer on the (ir)reversibility of the stress-induced changes.

The results clearly showed that a stress-free period of a few

weeks is sufficient to normalize all the psychological changes

(Figure 1a; stress perception: t11¼ 3.663, P¼ 0.004; anxiety

score: t11¼ 2.766, P¼ 0.018; depression score: t11¼ 4.551,

P¼ 0.001); salivary cortisol levels were partially restored

(t11¼ 1.835, P¼ 0.094). To control for the influence of test–

re-test, a smaller cohort of stress-recovered individuals

(n¼ 4) naı̈ve to the first experiment were also included; no

differences were obtained in any parameter under study

between stress-recovered non-naı̈ve and naı̈ve groups (data

not shown). In addition, a smaller cohort of control subjects

(n¼ 4) was also reassessed 6 weeks after the first assess-

ment; no significant differences were found between the two

assessment moments in any of the parameters analyzed

(data not shown).

Following the psychological and analytical determinations,

we tested whether chronic stress affected the ability of the

individuals from all groups to perform actions based on the

consequences of their behavior, using an operant instru-

mental task adapted from Valentin et al.19 All subjects were

under 12 h fasting. After receiving instructions on the task,

subjects learned how to associate an action to an outcome

(valued: chocolate and tomato juice; neutral: water). All

groups increased their choices of options with a high proba-

bility of reward (chocolate and tomato juice) (tomato: control

t11¼ 3.144, P¼ 0.009; stress t11¼ 2.556, P¼ 0.027; stress

recovered t11¼ 2.828, P¼ 0.016; chocolate: control t11¼ 2.568,

P¼ 0.026; stress t11¼ 3.806, P¼ 0.003; stress recovered

t11¼ 2.615, P¼ 0.024) in detriment of low-probability options,

indicating that both control and stressed subjects had no

difficulty in associating the particular action they were

performing with the specific outcome obtained (Figure 1b).

Of note, there was no preference for high or low probability

options when the reward was neutral (all comparisons

nonsignificant, data not shown). This operant task was

performed with the subject inside a scanner, during the

acquisition of fMRI, which allowed determining the patterns of

activity of fronto-striatal networks during the decision-making

processes.25 The response rate during the acquisition phase

(Figure 1b) was observed to be similar and goal-directed in all

experimental groups. Although distinction between high- and

low-value outcomes triggers a specific activation of themedial

frontal gyrus (Figure 1c1), a region of the brain associatedwith

high-level executive function and decision-making,26 the

learning of the instrumental task in goal-directed actions

activated highly the cingulate gyrus and the caudate nuclei

(Figure 1c2), both key components of the associative network.

In a second session, we tested whether subjects were

sensitive to outcome devaluation, by providing free access to

one of the rewards (for example, chocolate), until they referred

satiety before starting the task. In accordance with our

rodent studies, controls adapted their choices in response to

sensory-specific satiety, whereas stressed subjects were

insensitive to the expected value of the outcome, as indicated

by the lack of a devaluation effect (Figure 2a; control:

t11¼ 3.767, P¼ 0.003; stress: t11¼ 1.464, P¼ 0.171); impor-

tantly, group comparisons proved that the stress group

significantly differs from controls in the number of devalued

choices (Figure 2a; t22¼ÿ2.143, P¼ 0.043), but not in valued

options (t22¼ 0.410, P¼ 0.686). These data suggest that

individuals without stress exposure perform actions because

of the consequences of their behavior, whereas stressed

subjects rapidly develop habitual behaviors and do not adjust

their actions to their current needs. Importantly, during the

devaluation phase of the task stressed subjects activate

significantly more the left putamen than controls (Figure 2b2),

whereas controls display a greater activation of the right

caudate than stress subjects (Figure 2b1); these findings

correlate with an impairment in devaluation observed in

stressed subjects and support the view that habit-based

decisions are linked to an overactivation of components of the

sensorimotor corticostriatal network. Interestingly, after a period

of recovery from stress, these subjects regain the ability to

orient their action by goal-directed decisions (Figure 2a;

Figure 2 The stress insensitivity to outcome devaluation is reversible and associated with variations of the activation of the corticostriatal networks. (a) Response rate for
the high probability option of the devalued reward before (last block of the first scanning session) and after (first block of the second scanning session) devaluation. Controls
significantly reduced their preference (control: t11¼ 3.767, P¼ 0.003), whereas stressed subjects were insensitive to the decrease in the value of the outcome (stress:
t11¼ 1.464, P¼ 0.171), but regained a goal-directed behavior after a stress-free period (stress recovered: t11¼ 3.336, P¼ 0.007). Group comparisons showed that the stress
group significantly differs in the number of devalued choices from both controls (t22¼ÿ2.143, P¼ 0.043) and stress-recovered subjects (t11¼ 2.918, P¼ 0.014). (b) Pattern
of activation during devaluation phase of the task. Controls display a higher activation in the right caudate nuclei (x¼ 8, y¼ 6, z¼ 12; Z score¼ 3.45; Po0.05 corrected for
small volume for FWE) than stressed subjects (b1), whereas stressed subjects display a greater activation of the left putamen (x¼ÿ26, y¼ 0, z¼ 16; Z score¼ 3.35;
Po0.05 corrected for small volume for FWE) than controls (b2); after a period of recovery from stress, a higher activation of the right caudate (x¼ 20, y¼ÿ4, z¼ 22;
Z¼ 3.39; Po0.005, uncorrected) is observed when compared with activation immediately after stress (b3). *Po0.05; line: within group comparisons; dashed line: between
groups comparisons.
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stress recovered: t11¼ 3.336, P¼ 0.007; stress vs stress

recovered: valued t11¼ 0.338, P¼ 0.742 devalued t11¼

2.918, P¼ 0.014) and display a greater activation of the right

caudate during devaluation than subjects immediately after

stress exposure (Figure 2b), in a pattern of activation very

similar to the one found in controls.

Structural plasticity in the stressed brain. The impair-

ment in decision-making and shift in behavioral strategies

observed in stressed individuals evoke the effects observed

after manipulations of the associative or sensorimotor

corticostriatal circuits.9,27,28 Therefore, using neuroimaging

morphological techniques, we first investigated the effects of

chronic exposure to stress on the structure of striatal and

cortical circuits known to be required for goal-directed actions

and habits; in addition, we also assessed the recovery from

stress in the same parameters. The present data reveals

opposing effects of chronic stress in the caudate and in the

putamen: whereas we found an atrophy of the caudate

(relative volumes) that was only significant on the right

(Figure 3a; left: t22¼ 2.067, P¼ 0.051; right: t22¼ 2.676,

P¼ 0.014), the putamen revealed a significantly increased

relative volume in both hemispheres (Figure 3a; left:

t22¼ 2.617, P¼ 0.016; right: t22¼ 3.132, P¼ 0.005). As a

consequence, the caudate-to-putamen ratio was increased

in controls relative to stressed individuals (left: 0.72 vs 0.61,

t22¼ 3.565, P¼ 0.002; right: 0.76 vs 0.64, t22¼ 4.190,

Po0.001, respectively), which suggests a bidirectional

modulation of neuronal connectivity in the dorsal striatum

expressed by a global hypertrophy of the sensorimotor

striatum, and a shrinkage of the associative striatum. In

addition, the orbitofrontal cortex, which is also a target of

stress5,9 and has been implicated in decision-making,29,30

showed a different pattern of change, with the most medial

portions of the orbitofrontal cortex displaying a structural

atrophy that reached statistical significance in the left

hemisphere (Figure 3a; left: t22¼ 3.764, P¼ 0.001; right:

t22¼ 1.494, P¼ 0.149), whereas nonsignificant increases

were found in the lateral components of this cortical region

(left: t22¼ 30.319, P¼ 0.075; right: t22¼ 1.355, P¼ 0.189).

No differences were found in the motor or somatosensory

cortices (Figure 3a; motor: left: t22¼ 1.450, P¼ 0.161; right:

t22¼ 0.459, P¼ 0.651; sensory: left: t22¼ 1.272, P¼ 0.217;

right: t22¼ 0.543, P¼ 0.593) or in total intracranial volumes

(t22¼ 0.033, P¼ 0.974). Noticeably, most structural changes

found in stressed subjects were transient. Indeed, data from

the second neuroimagiological assessment revealed a

complete recovery of the caudate (Figure 3b; left: t11¼

2.590, P¼ 0.025; right: t11¼ 2.494, P¼ 0.030), right putamen

(Figure 3b; t11¼ 2.246, P¼ 0.046) and left medial portions of

the orbitofrontal cortex volumes (Figure 3b; t11¼ 2.914,

P¼ 0.014) and a trend for restoration in the volume of the

left putamen (Figure 3b; t11¼ 1.495, P¼ 0.163). Importantly,

these results demonstrate that stress-induced changes are

not permanent and after a short period of recovery from

stress (6 weeks) young adults display an impressive plas-

ticity in fronto-striatal networks.

Discussion

The burden of chronic stress exposure is increasing in our

modern society. Although stress response is vital for the

survival of every living organism, maladaptive responses to

stress can produce changes in the brain and affect cognitive

processes, attention and executive functions,1–3 such as

decision-making. The selection of the appropriate actions in

particular situations is an extremely dynamic process. Actions

can be selected based on their consequences (for example,

whenwe first select the best route to drive from home to work).

This goal-directed behavior is crucial to face the ever-

changing environment but demands an effortful control and

monitoring of the response. To increase the efficiency, one

can automatize recurring decision processes as habits (or

rules). Habitual responses no longer need the evaluation of

their consequences and can be elicited by particular situations

or stimuli (for example, after driving to work for some time in

the established route, we automatically, when entering the

car, go that way). The ability to shift back and forth between

these two types of strategies is necessary for appropriate

decision-making in everyday life. For example, in a novel

situation, it may be crucial to be able to inhibit a habit and use a

Figure 3 Volumetric changes in the brain after stress exposure (a) and after recovery from stress (b). Upper panels represent changes in subcortical regions, whereas the
lower panels represent volumetric variations in cortical regions. (a) The impact of stress in the structure of corticostriatal loop. The color changes illustrate variations in volumes
of stressed subjects in contrast to controls. (b) The amount of recovery from the impact of stress in the structure of cortico-basal ganglia loop. The color changes illustrate
variations in volumes in stressed subjects after recovery from stress.
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goal-directed strategy (for example, if we need to go to

another place first, besides work, it is most likely inappropriate

to use our habitual route to work).

In this study, we show that humans exposed to chronic

stress rapidly shift toward habitual strategies (in other words,

following the above example, stressed individuals are more

likely to choose the habitual route, even when the right choice

would be to go a different way). More specifically, our findings

demonstrate that prolonged exposure to stress triggers a

reorganization of corticostriatal circuits that determine deci-

sions under instrumental tasks (instrumental behavior is

determined by the association between an action and an

outcome, as tested in this study; in this form of responses,

actions can be either ‘goal-directed’ or ‘habitual’. By testing

the subjects from the two distinct conditions—control vs

stressed—in a paradigm in which they work for a reward, the

pattern of their instrumental responses can be discriminated).

An atrophy of the associative corticostriatal circuit that rules

goal-directed actions, in parallel with a hypertrophy of the

sensorimotor corticostrial network, was found in young

subjects displaying signs and symptoms of stress; these

structural changes were associated with a decreased activa-

tion of this circuit in instrumental tasks. Most importantly,

stressed individuals had a bias to habits in their decision-

making processes. Interestingly, we also demonstrate the

remarkable plasticity of these neuronal circuits, by showing

that after a stress-free period, both the structural and the

functional changes were reverted and the pattern of decision

in previously stressed subjects was again biased, which

became again goal-directed. Of note, other studies, in distinct

experimental conditions, have shown volumetric variations in

a similar (or even shorter) time frame.31,32 In the stress field,

studies have also demonstrated rapid structural changes

triggered by stress exposure.6,33 These changes typically

occur at the dendritic level and are likely to represent

alterations in synaptic connectivity between different brain

regions. Alterations in several molecules, including trophic

factors and adhesion molecules, are assumed to underlie

such structural changes, which occur in opposite directions in

distinct brain regions. Importantly, these changes are asso-

ciated with functional impairments at specific neural circuit

level.

Our results confirm a divergent structural reorganization of

corticostriatal circuits in humans exposed to prolonged stress,

with hypertrophy/overactivation of the sensorimotor and

atrophy/deactivation of the associative corticostriatal circuits.

This frontostriatal reorganization is accompanied by a shift

toward habitual strategies, affecting the ability of stressed

individuals to perform actions based on their consequences.

These results expand previous studies showing that acute

stress canmodulate decision-making processes in humans.34

For the first time it is now demonstrated that such behavioral

changes are linked to alterations in the frontostriatal networks

in humans, thus providing insights into the neural circuits

underlying the shift between goal-directed actions and habi-

tual behavior, and that can lead to dysfunctional decision-

making upon exposure to stress.

Noticeable, this stress-decision bias was found to be

reversible after the end of the stress exposure, with signs of

plasticity both at the structural and at the activational levels.

This is in accordance with previous data in rodents and

primates showing that stress-induced changes in the struc-

ture of the prefrontal cortex are reversible, at least in young

subjects.7 As a consequence of the structural/activational

reorganization, we found a behavioral restoration of decision-

making strategies in subjects that have been exposed to

stress. This novel finding is of paramount importance

inasmuch as optimization of decision-making processes

confers an important advantage in response to a constantly

changing environment. Indeed, under conditions of maladap-

tative stress, there is a reduced ability to shift from habitual

strategies to goal-directed behaviors, even when conditions

would recommend that shift. However, it is also true that the

fronto-striatal networks, even after prolonged stress, preserve

the plastic properties that allow for a functional recovery once

the stressful stimuli are gone. Therefore, these results are not

only of relevance to understand the mechanisms through

which stress is modulating decision-making in both physiolo-

gical and pathological conditions, but they certainly also pave

the way for interventional therapies that empower stress-

coping mechanisms.
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Supplementary Information (SI) 

 

Materials / subjects and Methods 

Instrumental task 

An adapted validated protocol was used,1 where: in each trial, subjects were faced with 

the choice between two possible actions. Each trial type had unique pairs of images 

representing those actions. On the chocolate and tomato trials, one action delivered 

the respective reward with a probability of p=0.4. In addition, both actions delivered a 

common outcome of orange juice with an overall probability of p=0.3 with the constraint 

that the orange juice and the chocolate or tomato rewards could not be delivered on 

the same trial. Therefore, the overall probability of a food outcome was p=0.7 for the 

high-probability action, but p=0.3 for the low-probability actions for each trial type. To 

provide a control condition against which to assess the effects of the rewards on neural 

activity, the neutral solution was delivered with the probabilities of p=0.7 and p=0.3 

after the two actions on neutral trials. In addition, Valentin et al1 showed that in the 

absence of generalized effect on the value of the foods has been clearly demonstrated. 

 

Data acquisition 

The different MRI acquisition sequences of the brain were conducted in different 

sessions in the same day, on a clinical approved Siemens Magnetom Avanto 1.5 T on 

Hospital São Marcos, Braga. For all the subjects a T1 high-resolution anatomical 

sequence, and gradient echo T2* weighted echo-planar images (EPIs) were acquired, 

using the Siemens Auto Align scout protocol in each session to minimize variations in 

head positioning. For anatomical reference, a sagittal 3D MPRAGE (magnetization 

prepared rapid gradient echo) sequence was performed with the following imaging 

parameters: repetition time (TR) = 2.4 s, echo time (TE) = 3.62 ms, 160 saggital slices 

with no gap, field-of-view (FoV) = 234 mm, flip angle (FA) = 8º, in-plane resolution = 1.2 

x 1.2 mm2 and thickness = 1.2 mm. The functional task imaging with BOLD (blood 

oxygenation level dependent) contrast was conducted with 900 axial volumes (30 

minutes) in each session. The functional imaging parameters were: TR = 2 s, TE = 20 

ms, FA = 90º, in-plane resolution and slice thickness 3.3 mm, 38 ascending interleaved 

axial slices with no gap and FoV = 212 mm. The paradigm was presented using the 

fully integrated fMRI system IFIS-SA.  
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Image processing 

Before further processing and analysis of the different image sequences, all the images 

were inspected and confirmed that they were not affected by critical head motion and 

that participants had no brain lesions. 

fMRI analysis: in the analysis of functional data the first 5 volumes were discarded to 

allow signal stabilization. The fMRI data preprocessing was performed using Statistical 

Parametric Mapping version 8 (SPM8) analysis software 

(http://www.fil.ion.ucl.ac.uk/spm). Images were corrected for slice-timing, motion with 

realignment to the mean image of the sequence, spatially transformed to the standard 

MNI (Montreal Neurologic Institute) coordinates, resampled to 2x2x2 mm3, smoothed 

with a 8-mm full-width half-maximum Gaussian kernel and high pass temporal filtered 

(filter width of 128s). The fMRI paradigm analyses were performed using the general 

linear model (GLM) approach. In order to minimize the motion effects in the most 

critical sequences, the Artifact Detection Tool (ART, 

http://www.nitrc.org/projects/artifact_detect/) was used to extract the motion 

parameters and the outliers, to be inputted in the GLM design matrix. The GLM 

analysis was performed in SPM8 software. The fMRI paradigm was analyzed by 

creating a set of regressors at the time of each decision-making, which were convolved 

with the hemodynamic response function. Eight different regressors were created for 

each participant, high and low valued (H-VAL and L-VAL), devalued (H-DEV and L-

DEV) and neutral (H-NEU and L-NEU) probability actions and the differences between 

different probability actions (H-VAL � L-VAL and H-DEV � L-DEV) to test for the effects 

of goal-directed learning. The description of statistics and coordinates for the different 

activation areas in the distinct conditions tested are given in Supplementary Table 1. 

Volumetric data analysis: Segmentation of brain structures from T1-weighted 3D 

structural MRI data and estimation of specific structure volumes was performed using 

the freely available Freesurfer toolkit version 5.0 (http://surfer.nmr.mgh.harvard.edu). 

Freesurfer was the toolkit used since it is a free set of software tools for the study of 

cortical and subcortical anatomy and its pipeline is optimized. The Freesurfer pipeline 

uses a probabilistic brain atlas estimated from a manual labeled training set proposed 

in 20022 and has undergone several improvements over the years.3,4 The technique 

has been shown to be comparable in accuracy to manual labeling and reliable and 

robust across sessions, scanner platforms, updates and field strengths.4,5 All the data 

files initially in DICOM format were firstly converted to the Freesurfer standard format 

MGZ (compressed Massachusetts General Hospital file) and then processed by a 30-

step procedure by three main reconstruction command. Standard semi-automated 
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workflow procedures employing both surface-based and volume-based pipelines were 

used in this multimodal neuroimaging study. Briefly, the pipeline comprises the 

following steps: pre-processing of MRI images, non-parametric, and non-uniform 

intensity normalization; normalization to the standard Talairach space using a twelve 

degrees of freedom af!ne transformation; intensity normalization with corrections of 

fluctuations in scan intensity to achieve a mean white matter intensity of 110; skull strip, 

leaving only the brain and overlying pial surface; registration using a transform matrix 

to align the patient volume with the Fressurfer atlas when applying segmentation 

labels; reconstruction of cortical and pial surfaces with a sub millimeter precision; 

inflation of each tessellated cortical surface representing GM-WM boundary to 

normalize the individual differences in the depth of gyri-sulci. Manual adjustments and 

visual inspection were needed in the normalization procedure, skull strip, 

segmentations and pial surface boundary. Trained researchers controlled the 

reconstructions quality and accuracy, and visually inspected brain 

segmentations/labels. Estimated intracranial volume (ICV) validated by Buckner and 

colleagues6 was used to correct the volumetric data. The detailed description of the 

variations in the volumes of the different regions analyzed are given in Supplementary 

Table 2. 

 

Statistical analysis 

The design of the study is based on two experiments: one contrasting the effects of 

stress (control vs stress) and the other contrasting the effect of recovery from stress 

(stress vs stress recovery). Results of the psychological scales, cortisol levels, 

behavioral performance 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. All within group 

comparisons, including the acquisition of the task and comparisons in the stressed 

group between the first and the second (recovery) moment were performed with a two-

tailed paired-samples t-test. For all these comparisons significance level was set at 

0.05. Values are presented as mean ± standard error of the mean. Group analyses of 

the fMRI data were performed using the second level random effect analyses in SPM8. 

Within and between group analyses were implemented with one-sample and two-

sample t-tests, respectively, using directional t-contrasts. The comparison between 

different blocks in the same group was also done using two-sample directional t-tests. 

T-map threshold was defined at p < 0.005 uncorrected with an extent threshold at five 

voxels for whole brain analysis. Small volume correction analyses on a priori regions of 
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interest in areas related with food reward and decision making were performed. 

Definition of a priori small volumes was based on activation peaks reported in previous 

fMRI studies with similar paradigms1,7,8 as centroids to define 10 mm diameter spheres. 
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Supplementary tables 

Supplementary Table 1 Descriptive statistics and coordinates of activation areas in 

different conditions. For all conditions, activated regions, peak MNI coordinates, cluster 

size, and Z scores are presented. Peaks within the regions were considered significant 

at p < 0.005, uncorrected for multiple comparisons with extent threshold at 5 voxels. 

 

Condition Regions 
Peak MNI 

coordinates 

Cluster size 

(voxels) 

Maximum 

Z score 

Contrast between high and 

low probability  
Frontal superior medial (left) -10, 44, 32 17 2.81 

     

Acquisition + 

Caudate (left) * -12, 6, 10 109 4.49 

Postcentral (right) 62, 2, 20 
141 

4.49 
Precentral (right) 62, 8, 24 3.85 

Frontal inferior pars opercularis (right) 58, 16, 26 3.84 

Anterior cingulate * 0, 10, 42 240 4.13 
Insula (right) 34, -18, 8 23 3.80 

Insula (left) -36, 4, 6 48 3.78 

Caudate (right) * 18, 10, 18 17 3.67 
Frontal inferior pars opercularis (left) -46, 8, 26 10 3.24 

     

Devaluation in control 
subjects (Control > Stress) 

Insula (right) 36, -2, 18 457 3.72 
Caudate (right)* 8, 6, 12 29 3.45 

Caudate (left) * -10, -2, 18 21 3.11 

Insula (left) -44, -4, 0 141 3.10 
Postcentral (right) 62, 14, 18 44 2.95 

     

Devaluation in stressed 

subjects (Stress > Control) 

Insula (left) -34, -6, 18 
357 

3.65 

Putamen (left)* -26, 0, 16 3.35 

Precentral (left) -48, -6, 48 
1204 

3.63 
Postcentral (left) -46, -20, 36 3.21 

Precentral (left) -38, 0, 38 3.17 

Frontal inferior pars opercularis (left) -38, 12, 16 3.15 
Frontal middle (right) 40, 32, 48 118 3.57 

Anterior cingulate (right) 6, -6, 44 91 3.40 

Frontal superior (left) -14, 22, 52 52 3.16 
Frontal inferior pars opercularis (right) 30, 12, 30 31 3.05 

     

Devaluation in stressed 

subjects after recovery 

(StressRec > Stress) 

Postcentral (right) 58, -8, 24 
879 

4.12 
Precentral (right) 50, -2, 26 3.73 

Anterior Cingulate (left) * -8, 4, 32 254 3.67 

Postcentral (left) -60, -2, 26 
1461 

3.65 
Frontal inferior pars triangularis (left) -44, 16, 26 3.46 

Frontal middle (left) -32, 10, 40 3.40 

Frontal inferior pars opercularis (right) 30, 6, 34 37 3.53 

Caudate (right) 20, -4, 22 26 3.39 

Anterior cingulate (right) 2, -36, 32 71 3.39 

Frontal Superior (left) -22, 64, 8 29 3.11 
Frontal Superior (right) 16, 30, 36 24 2.83 

Frontal inferior pars triangularis (right) 38, 36, 12 19 2.79 

Frontal middle (right) 40, 34, 32 30 2.79 

     

(*) Region of interest that survives p < 0.05 small volume correction for FWE 

(+) p < 0.001 uncorrected for multiple comparisons 
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Supplementary Table 2 Volumes (% relative to total intracranial volume) of cortical 

and subcortical regions (ilustrated in figure 2) and results of the statistical comparisons. 

 

 

 
 Control Stress Stress-Rec 

 
Control vs Stress Stress vs Stress-Rec 

mOFC (�) left 3.56±0.0793 3.18±0.0646 3.44±0.0827  t22=3.764, P=0.001* t11=2.914, P=0.014* 

 right 3.32±0.0737 3.17±0.0660 3.13±0.0940  t22=1.494, P=0.149 t11=0.390, P=0.704 

lOFC (�) left 4.94±0.110 4.99±0.122 4.87±0.101  t22=0.319, P=0.753 t11=0.833, P=0.423 
 right 4.70±0.103 4.88±0.0837 4.78±0.108  t22=1.355, P=0.189 t11=0.692, P=0.504 

sFC (�) left 14.6±0.429 14.6±0.385 14.8±0.720  t22=0.061, P=0.952 t11=0.258, P=0.801 

 right 14.1±0.411 14.0±0.429 14.0±0.523  t22=0.168, P=0.868 t11=0.028, P=0.978 

cmFC (�) left 4.55±0.224 4.24±0.128 4.22±0.155  t22=1.183, P=0.249 t11=0.101, P=0.921 

 right 4.34±0.231 3.79±0.0834 3.79±0.123  t22=2.242, P=0.035* t11=0.038, P=0.971 

rmFC (�) left 10.8±0.565 10.1±0.367 10.1±0.435  t22=0.968, P=0.344 t11=0.115, P=0.910 

 right 10.1±0.353 9.94±0.370 10.0±0.417  t22=0.321, P=0.751 t11=0.106, P=0.917 

poiFC (�) left 3.45±0.177 2.98±0.124 2.94±0.122  t22=2.162, P=0.042* t11=0.228, P=0.824 

 right 2.82±0.0870 2.57±0.110 2.55±0.141  t22=1.835, P=0.080 t11=0.142, P=0.890 

ptiFC (�) left 2.36±0.0922 2.18±0.103 2.13±0.0960  t22=1.272, P=0.217 t11=0.300, P=0.770 

 right 2.85±0.164 2.68±0.109 2.77±0.136  t22=0.899, P=0.378 t11=0.704, P=0.496 

orbiFC (�) left 1.42±0.0512 1.47±0.0452 1.42±0.0536  t22=0.710, P=0.485 t11=0.716, P=0.489 

 right 1.71±0.0720 1.82±0.0682 1.76±0.100  t22=1.051, P=0.305 t11=0.632, P=0.540 

FP (�) left 0.514±0.0326 0.483±0.0333 0.496±0.0344  t22=0.660, P=0.516 t11=0.441, P=0.668 

 right 0.670±0.0330 0.587±0.0227 0.639±0.0239  t22=2.089, P=0.049* t11=1.802, P=0.099 

istCg (�) left 1.76±0.113 1.62±0.0730 1.67±0.0802  t22=1.010, P=0.323 t11=0.543, P=0.598 

 right 1.69±0.844 1.46±0.0660 1.54±0.0929  t22=2.161, P=0.042* t11=0.617, P=0.550 

pCg (�) left 2.20±0.102 1.93±0.0807 2.06±0.0539  t22=2.065, P=0.051 t11=0.193, P=0.850 

 right 2.20±0.127 2.03±0.0541 2.05±0.0787  t22=1.228, P=0.232 t11=1.263, P=0.233 

caCg (�) left 1.29±0.0734 1.20±0.0745 1.25±0.0879  t22=0.939, P=0.358 t11=0.500, P=0.627 

 right 1.35±0.112 1.42±0.0903 1.48±0.116  t22=0.440, P=0.664 t11=0.612, P=0.553 

raCg (�) left 1.88±0.0773 1.84±0.0700 1.91±0.0902  t22=0.362, P=0.721 t11=0.605, P=0.558 

 right 1.40±0.0719 1.44±0.0744 1.45±0.103  t22=0.433, P=0.669 t11=0.042, P=0.967 

PMC (�) left 8.16±0.148 8.55±0.231 8.53±0.246  t22=0.319, P=0.753 t11=0.087, P=0.932 

 right 8.16±0.204 8.38±0.218 8.37±0.190  t22=0.459, P=0.651 t11=0.042, P=0.967 

PSC (�) left 5.54±0.117 5.66±0.190 5.52±0.183  t22=1.272, P=0.217 t11=0.297, P=0.772 
 right 5.54±0.117 5.66±0.190 5.52±0.183  t22=0.543, P=0.593 t11=0.540, P=0.600 

Putamen 

(�) 

left 3.45±0.569 3.74±0.0960 3.67±0.118  t22=2.617, P=0.016* t11=1.495, P=0.163 

right 3.27±0.0830 3.62±0.0757 3.50±0.105  t22=3.132, P=0.005* t11=2.246, P=0.046* 
Caudate 

(�) 

left 2.45±0.0556 2.28±0.0597 2.39±0.0714  t22=2.067, P=0.051 t11=2.590, P=0.025* 

right 2.48±0.0391 2.29±0.0576 2.42±0.0703  t22=2.676, P=0.014* t11=2.494, P=0.030* 

Thalamus 
(�) 

left 4.54±0.0619 4.50±0.0736 4.51±0.0761  t22=0.426, P=0.675 t11=0.112, P=0.913 
right 4.61±0.0768 4.57±0.0830 4.54±0.0846  t22=0.405, P=0.689 t11=0.272, P=0.791 

        

Total intracranial volume 
(cm3) 

1676±50.0 1674±37.9 1672±43.19 
 

t22=0.033, P=0.974 t11=0.478, P=0.642 
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Supplementary legend 

Supplementary Figure 1. Schematic representation of the functional paradigm. 

Subjects were instructed to learn to choose the actions that led to high probabilities of 

pleasant liquid foods, including chocolate and tomato juice. Choosing this option led to 

a chance of obtaining chocolate milk (p=0.4) or orange juice (p=0.3) in condition 

1,tomato juice (p=0.4) or orange juice (p=0.3) in condition 2 or water (p=0.7 or p=0.3) in 

condition 3.  
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Stress Impact on Resting State Brain Networks

José Miguel Soares1,2,3., Adriana Sampaio1,4., Luı́s Miguel Ferreira1,2,3, Nadine Correia Santos1,2,3,
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Nuno Sousa1,2,3*

1 Life and Health Sciences Research Institute (ICVS), School of Health Sciences, University of Minho, Campus Gualtar, Braga, Portugal, 2 ICVS/3B’s - PT Government
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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
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(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.
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Chronic stress has been widely reported to have deleterious impact in multiple biological

systems. Specifically, structural and functional remodeling of several brain regions

following prolonged stress exposure have been described; importantly, some of these

changes are eventually reversible. Recently, we showed the impact of stress on resting

state networks (RSNs), but nothing is known about the plasticity of RSNs after recovery

from stress. Herein, we examined the “plasticity” of RSNs, both at functional and

structural levels, by comparing the same individuals before and after recovery from the

exposure to chronic stress; results were also contrasted with a control group. Here we

show that the stressed individuals after recovery displayed a decreased resting functional

connectivity in the default mode network (DMN), ventral attention network (VAN), and

sensorimotor network (SMN) when compared to themselves immediately after stress;

however, this functional plastic recovery was only partial as when compared with the

control group, as there were still areas of increased connectivity in dorsal attention

network (DAN), SMN and primary visual network (VN) in participants recovered from

stress. Data also shows that participants after recovery from stress displayed increased

deactivations in DMN, SMN, and auditory network (AN), to levels similar to those of

controls, showing a normalization of the deactivation pattern in RSNs after recovery

from stress. In contrast, structural changes (volumetry) of the brain areas involving these

networks are absent after the recovery period. These results reveal plastic phenomena in

specific RSNs and a functional remodeling of the activation-deactivation pattern following

recovery from chronic-stress, which is not accompanied by significant structural plasticity.

Keywords: resting state networks, functional connectivity, deactivation, recovery from stress, plasticity

INTRODUCTION

When the homeostatic mechanisms are disrupted, namely

through prolonged stress exposure, maladaptive responses take

place and trigger inappropriate functional responses. It is well-

established that prolonged stress has deleterious impact in mul-

tiple biological systems, including the central nervous system. In

fact, prolonged stress exposure impairs spatial working memory,

perceptual attention, behavioral flexibility, and decision making

both in rodents and in humans (Joels et al., 2004; Cerqueira et al.,

2005; Dias-Ferreira et al., 2009; Soares et al., 2012; Yuen et al.,

2012), which has been associated with structural and functional

changes of several brain regions. Importantly, some of these mal-

adaptive structural and functional responses to increased chronic

stress were shown to be reversible (Sousa et al., 1998; Heine

et al., 2004; Cerqueira et al., 2005; Goldwater et al., 2009; Bian

et al., 2012; Soares et al., 2012), including evidence showing

that as trait positive affect may potentiate recovery and adaptive

response (Papousek et al., 2010). However, certain stress effects

and specific structural and functional changes may endure after

this recovery period (Joels et al., 2004; Gourley et al., 2013). Of

notice, most stress recovery studies were performed in rodent

models.

A growing field of functional magnetic resonance imaging

(fMRI) has provided new insights into the functional connectivity

across different brain regions. Indeed, resting state fMRI is being

widely used to assess brain regional interactions that comprise

the resting state networks (RSNs) (De Luca et al., 2006; Fox

and Raichle, 2007), both during resting periods and task-induced

deactivations. Moreover, alterations in the normal patterns of

RSNs have been associated with several disease states and neu-

ropsychiatric disorders (Zhang and Raichle, 2010; Meda et al.,

2012; Sripada et al., 2012), including stress exposure (Soares

et al., 2013). Indeed, we previously reported that stressed par-

ticipants had an hyperactivation pattern of the default mode

(DMN), dorsal attention (DAN), ventral attention (VAN), sen-

sorimotor (SMN), and primary visual (VN) networks, paralleled

by structural constriction of the DMN brain regions (Soares et al.,

2013).

The existence of plastic events in the RSNs after recovery from

chronic stress is, however, largely unknown. Indeed, Vaisvaser
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et al. (2013), using an acute social stress model, examined

stress-induced responses in the RSNs and cortisol levels before

stress, immediately after the acute stress exposure and 2 h later.

The authors found a “recovery” pattern of the DMN connec-

tivity after stress exposure in two of the central hubs of the

DMN (seed ROIs at the posterior cingulate cortex and hippocam-

pus), but not in the amygdala-hippocampal disconnectivity that

was sustained at 2 h post-stress. Moreover, this increased con-

nectivity was inversely correlated with cortisol levels (Vaisvaser

et al., 2013). These results suggest that even acute psychosocial

stressors are associated with a prolonged post-stress DMN con-

nectivity response in specific brain regions. This study used only

an acute stress model and studies addressing how RSNs respond

to chronic stress and identifying specific networks that are asso-

ciated to an efficient recovery are absent. Therefore, the present

study examined the effects of chronic stress on the RSNs fol-

lowing recovery and investigated region-specific changes during

successful recovery from chronic stress exposure.

MATERIALS AND METHODS

PARTICIPANTS, PSYCHOLOGICAL TESTS, AND CORTISOL

MEASUREMENTS

The participants included in this study were 6 stress participants

submitted to prolonged psychological stress exposure (3 males, 3

females; mean age, 23.83 ± 0.37), the same 6 stress participants,

6 weeks after the end of the exposure to stress and 6 controls

(3 males, 3 females; mean age, 24.33 ± 1.24). Control partici-

pants included a cohort of medical students under their normal

academic activities, whereas the stress group included partici-

pants that had just finished their long period of preparation for

the medical residence selection exam (stress group). Participants

responded to a laterality test and to a self-administered question-

naire regarding stress assessment (Perceived Stress Scale—PSS)

(Cohen et al., 1983). Participants were further assessed with

the Hamilton anxiety scale—HAS (Hamilton, 1959) and the

Hamilton depression scale—HDS (Hamilton, 1967) by a certified

psychologist. Upon filling of the questionnaires, and immedi-

ately before the imaging acquisitions, participants collected saliva

samples with the help of Salivette (Sarstedt, Germany) collection

devices. Collection took place between 9 and 5 p.m. in all partici-

pants. Samples were stored at −20◦C 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 imaging sessions, including one struc-

tural T1, one resting state functional, and two task related

functional acquisitions, were conducted in the same day and

the Siemens Auto Align scout protocol was used to minimize

variations in head positioning. For structural analysis, a T1 high-

resolution anatomical sequence, 3D MPRAGE (magnetization

prepared rapid gradient echo) was performed with the follow-

ing 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) = 8◦, in-plane resolution =

1.2 × 1.2 mm2 and slice thickness = 1.2 mm. During resting-state

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

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

closed and to think about nothing in particular. The imaging

parameters were: 100 volumes, TR = 3 s, TE = 50 ms, FA = 90◦,

in-plane resolution = 3.4 × 3.4 mm2, 30 interleaved slices, slice

thickness = 5 mm, imaging matrix 64 × 64 and FoV = 220 mm.

fMRI paradigm acquisition was acquired using: TR = 2 s, TE =

20 ms, FA = 90◦, in-plane resolution and slice thickness 3.3 mm,

38 ascending interleaved axial slices with no gap and FoV =

212 mm. The functional paradigm acquisitions were previously

described (Soares et al., 2012) and the paradigm was presented

using the fully integrated fMRI system IFIS-SA.

IMAGE PRE-PROCESSING

Before any data processing and analysis, all acquisitions were visu-

ally 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 resting state fMRI volumes (15 s)

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 trans-

formation 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 1◦ in rotation. Images were then spa-

tially normalized to the MNI (Montreal Neurological Institute)

standard coordinate system using SPM8 EPI template and trilin-

ear interpolation. Data were then re-sampled to 3 × 3 × 3 mm3

using sinc interpolation, smoothed to decrease spatial noise with

a 8 mm, full-width at half-maximum (FWHM), 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 (Soares et al., 2012).

INDEPENDENT COMPONENT ANALYSIS AND IDENTIFICATION OF RSN

Spatial independent component analysis was conducted for using

the Group ICA 2.0d of fMRI Toolbox (GIFT, http://www.icatb.

sourceforge.net) (Calhoun et al., 2001; Correa et al., 2005).

Concisely, spatial ICA analysis is a fully data-driven approach

that consists in extracting the non-overlapping spatial maps with

temporally coherent time courses that maximize independence.

The methodology employed by GIFT can be summarized in three

main stages: dimensionality reduction, estimation of the group
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independent components, and back-reconstruction of each sub-

ject’s corresponding independent components. The reduction of

dimensionality of the functional data and computational load

was performed with Principal Component Analysis (PCA) in

the concatenated dataset over all subjects, independently of the

groups. Then, 20 independent components were estimated, based

on a good trade-off (clustering/splitting) between preserving the

information in the data while reducing its size (Beckmann et al.,

2005; Zuo et al., 2010), 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 (Himberg

et al., 2004). The previous steps result in the estimation of a

mixing matrix with partitions, unique to each subject. The indi-

vidual independent components were then back-reconstructed

from the group-level components. This back-reconstruction step

is accomplished by projecting each subject’s data onto the inverse

of the partition of the calculated matrix corresponding to that

subject. The obtained independent components were expressed

in t-statistic maps, which were finally converted to a z-statistic.

Z-statistic describes the voxels that contributed more intensely to

a specific independent component, providing a degree of func-

tional connectivity within the network (Bartels and Zeki, 2005;

Beckmann et al., 2005). The final components were visually

inspected, sorted, and spatially correlated with resting state func-

tional networks from (Shirer et al., 2012). Each subject’s map

corresponding to the best-fit component of each RSN was used

to perform group statistical analyses.

RSN DEACTIVATION DURING fMRI TASK ANALYSIS

The fMRI decision-making paradigm analyzed to investigate

the task-induced deactivations consisted of two different event-

related jittered design sessions. First session of valued actions with

reward delivery and, after 30 min break, the second session con-

sisted of the devalued actions with the outcome devaluation and

extinction. Both sessions had 150 trials, each with 1.5 s for deci-

sion, 4 s with the choice highlighted, and 2 s for reward delivery,

followed by the interstimulus interval with mean duration of 4 s

[please see Soares et al. (2012), for further details].

fMRI paradigm was analyzed by creating a set of regressors at

resting and decision making periods, 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 (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 masks (Shirer et al., 2012).

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 (Soares et al., 2012). DMN was defined by

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

the posterior cingulate, the precuneus, and the frontopolar region

(Raichle et al., 2001; Buckner et al., 2008). The summed volume

of the middle frontal gyrus (dorsolateral and prefrontal region)

and the posterior parietal region constituted the DAN (Seeley

et al., 2007; Sridharan et al., 2008). VAN was constituted by the

sum of the temporal-parietal junction and the ventral frontal cor-

tex volumes (Fox et al., 2006). SMN was defined by the summed

volume of the paracentral, precentral postcentral, and the cere-

bellum (Shirer et al., 2012). The summed volume of the cuneus,

pericalcarine, and the lingual region constituted the primary VN

(Shirer et al., 2012). Auditory network (AN) was defined by the

summed volume of the temporal transverse and the temporal

superior (Shirer et al., 2012).

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 stress recovered

and stress were done with paired samples t-test and between

stress recovered and control with two-tailed independent-samples

t-test. For all these comparisons significance level was set at 0.05.

Values are presented as mean ± standard error of the mean.

Group analysis of the resting state fMRI and task induced deac-

tivations were performed using the second level random effect

analyses in SPM8. Initially, within group analyses were performed

only to confirm the functional connectivity of the RSNs in the

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

group analyses were implemented with directional two-sample t-

tests. Functional results for all RSNs were considered significant

at p < 0.05 corrected for multiple comparisons using a combi-

nation of an uncorrected height threshold of p < 0.025 with a

minimum cluster size. The cluster size was determined over 1000

Monte Carlo simulations using AlphaSim program distributed

with REST software tool (http://resting-fmri.sourceforge.net/).

AlphaSim input parameters were the following: individual voxel

probability threshold = 0.025, cluster connection radius = 3 mm,

gaussian filter width (FWHM) = 8 mm, number of Monte Carlo

simulations = 1000 and mask was set to the corresponding RSN

template mask. Anatomical labeling was defined by a combina-

tion of visual inspection and Anatomical Automatic Labeling atlas

(AAL) (Tzourio-Mazoyer et al., 2002).

RESULTS

PHYSIOLOGICAL AND BEHAVIORAL RESULTS

Stress impact was confirmed in several parameters: PSS

[Figure 1A; t(10) = 2.52, P < 0.05; Stress Group M = 35.50;

SD = 2.59; Control Group M = 30.17; SD = 4.49] and in the

HAS [Figure 1A; t(10) = 2.37, P < 0.05 Stress Group M = 11.00;

SD = 7.95; Control Group M = 3.00; SD = 2.28], and depres-

sion scores [HAD, Figure 1A; t(10) = 3.65, P < 0.01; Stress

Group M = 7.50; SD = 2.59; Control Group M = 3.17; SD =

1.33], but only by a trend when it regards to salivary corti-

sol levels [Figure 1B; t(10) = 1.69, P = 0.12; Stress Group M =

0.44; SD = 0.29; Control Group M = 0.23; SD = 0.10]. After a

stress-free period of 6 weeks after the end of the stress exposure,
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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 in the two groups (stress, stress

recovered, and control group); ∗P < 0.05.

we observed that all the psychological changes were restored

[Figure 1A; SPP: t(5) = 3.72, P < 0.05; Stress Group M = 35.50;

SD = 2.59; Stress-Recovered Group M = 30.00; SD = 3.03; anx-

iety score: t(5) = 2.86, P < 0.05, Stress Group M = 11.00; SD =

7.95; Stress-Recovered Group M = 2.17; SD = 2.71]; depres-

sion score: HAD: [t(4) = 4.84, P < 0.01; Stress Group M = 7.50;

SD = 2.59; Stress-Recovered Group M = 2.5; SD = 0.35], except

salivary cortisol levels [t(5) = 0.67, P = 0.53; Stress Group M =

0.44; SD = 0.29; Stress-Recovered Group M = 1.38; SD = 0.8].

Importantly, stress-recovered group did not differ with the con-

trol group in all psychological and salivary cortisol measures [PSS:

t(10) = −0.08, P = 0.94; HAS: t(10) = −0.58, P = 0.58; HAD:

t(10) = −0.85, P = 0.41; (Figure 1B) Cortisol: t(10) = 1.42, P =

0.19].

FUNCTIONAL CONNECTIVITY RESULTS

The ICA analysis revealed the typical spatial pattern of functional

connectivity and deactivation in DMN, DAN, VAN, SMN, VN,

and AN in all experimental conditions (results not shown).

RSNs in stress and stress—recovered groups

Increased resting functional connectivity was identified in DMN,

VAN, and SMN and decreased connectivity in DAN and AN in

the stress group when compared to stress recovered participants

(Figure 2 and Table 1).

Regarding DMN, stress group displayed increased func-

tional connectivity mainly in the left cingulum, frontal medial

orbitofrontal, right precuneus, and in the left lingual (Table 1).

Increased functional connectivity was also found in VAN in

stress group in the left parietal inferior and superior, right mid-

dle and superior frontal regions (Table 1) whereas in the SMN,

increased functional connectivity was found in the left cerebel-

lum (Table 1). In contrast, decreased functional connectivity was

found in stress group in DAN, namely in the right parietal infe-

rior, supramarginal, frontal inferior opercularis, and precentral

regions (Table 1) as well as in the AN (left superior temporal

region) (Table 1).

RSNs in stress—recovered and control groups

Regarding the functional connectivity comparison between

stress-recovered and controls, we found that the former presented

an increased functional connectivity in the DAN, SMN, and VN.

Increased connectivity in the left superior occipital, bilateral supe-

rior parietal, right postcentral, left middle and superior frontal,

bilateral inferior frontal opercularis and bilateral precentral was

found in the DAN of stress-recovered compared to control group

(Table 2). A differential pattern of functional connectivity was

observed for the VAN that is, while the stress-recovered group

presented higher connectivity in the left inferior parietal and

bilateral angular, they presented decreased functional connectiv-

ity in the bilateral inferior parietal, left angular, bilateral middle

frontal and left inferior frontal triangularis. Additionally, stress-

recovered group showed decreased connectivity in the DMN in

the right anterior cingulate, in the SMN in the bilateral precen-

tral, left paracentral, right postcentral, and bilateral cerebellum

and in the VN in the bilateral calcarine (Table 2) when compared

to controls (Figure 3).

Task-induced deactivations in stress and stress—recovered groups

In task-induced deactivations, decreased deactivations in DMN,

SMN, and AN were found in stress group when compared

to stress-recovered participants (Figure 4 and Table 3). More

specifically, decreased deactivations in the left medial frontal

orbitofrontal and superior medial frontal were found in DMN

of stress group (Table 3). In SMN, stress group presented lower

functional deactivation in the left cerebellum (Table 3). The left

superior temporal and rolandic operculum in AN were less deac-

tivated in stress group compared to stress-recovered participants

(Table 3). No significant region was found to display greater deac-

tivation in stressed participants than in stress recovered in any of

the studied RSNs.

Task-induced deactivations in stress—recovered and control

groups

To test for the degree of plasticity in RSNs, we compared deac-

tivation between stress-recovered participants and controls. In

this comparison, we found decreased deactivations in DMN,

both attention networks, and AN (Figure 5 and Table 4) in

stress-recovered group. In DMN, stress-recovered group showed

decreased deactivations in the left cuneus, anterior cingulate,

right medial frontal orbitofrontal, fusiform and middle temporal

and in the left inferior parietal in DAN (Table 4). In VAN, stress-

recovered group showed lower deactivation in the left superior

parietal and in AN in the bilateral superior temporal (Table 4).

No significant region was found to display greater deactivation in

stress recovered than in control participants in any of the studied

RSNs.

EXPANSION/CONTRACTION MAPS OF THE RSNs

Whole brain analysis for relative ICVs did not differ between

experimental groups. We showed in a previous study (Soares

et al., 2013) that exposure to stress triggered a significant reduc-

tion in total DMN volume (corrected for ICV) with specific

contraction in the left pCC, and bilateral parietal inferior brain

regions. Herein, however, we did not find any significant dif-

ferences in the volume of any of the RSNs between stress par-

ticipants before and after recovery from stress. No significant

areas of expansion or constriction were found in the dorsal and
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FIGURE 2 | The recovery from stress in resting state networks

(RSNs) at rest. The images depict areas in which stress

participants display greater functional connectivity than stress

recovered in the default mode network (DMN) (A), ventral attention

network (VAN) (B) and sensorimotor network (SMN) (C) and lower

functional connectivity in the dorsal attention network (DAN) (D)

and auditory network (AN) (E). Results were extracted by

independent component analysis and using paired t-tests, with

results considered significant at a corrected for multiple

comparisons p < 0.05 threshold.

Table 1 | Group differences (Stress vs. Stress recovered) at rest, in brain regions of the DMN, VAN, SMN, DAN, and AN maps (paired t-tests,

corrected for multiple comparisons, p < 0.05).

Condition Regions Peak MNI Cluster size Maximum Z

coordinates (voxels) score

Stress > Stress

recovered

Default mode network Cingulum anterior (left) 0, 36, 3 141 4.31

Frontal medial orbitofrontal (left) −6, 54, −3 3.32

Precuneus (right) 9, −63, 27 137 4.17

Lingual (left) −9, −48, 3 3.60

Ventral attention network Parietal inferior (left) −33, −69, 45 225 3.80

Parietal superior (left) −33, −60, 48 3.64

Frontal middle (right) 33, 36, 39 108 3.43

Frontal superior (right) 30, 9, 63 2.97

Sensorimotor network Cerebellum (left) −15, −63, −24 49 3.82

Stress < Stress

recovered

Dorsal attention network Parietal inferior (right) 45, −36, 48 81 3.87

Supramarginal (right) 51, −30, 42 3.84

Frontal inferior opercularis (right) 51, 15, 33 58 3.45

Precentral (right) 51, 6, 27 3.22

Auditory network Temporal superior (left) −48, −9, 0 52 3.32

ventral attention networks, SMN, AN, and primary VN between

stress and stress-recovered participants (p = 0.99, p = 0.98, p =

0.87, p = 0.84, and p = 0.99, respectively) and between stress-

recovered and control groups (p = 0.89, p = 0.54, p = 0.18, p =

0.47, and p = 0.87, respectively).

DISCUSSION

In this study, we analzsed how the RSNs respond and change

following recovery after chronic stress exposure. Our hypothesis

was of a continuous recovery effect, in which the connectiv-

ity would be decreasing from stress toward the control group.
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Table 2 | Group differences (Stress recovered vs. Controls) at rest, in brain regions of the DAN, VAN, SMN, VN, and DMNN maps (two sample

t-tests, corrected for multiple comparisons, p < 0.05).

Condition Regions Peak MNI Cluster size Maximum Z

coordinates (voxels) score

Stress recovered >

Controls

Dorsal attention network Occipital superior (left) −24, −75, 42 504 5.53

Parietal superior (left) −24, −66, 54 5.21

Parietal superior (right) 21, −66, 57 322 5.05

Postcentral (right) 57, −21, 48 4.54

Frontal superior (left) −27, −6, 63 65 4.15

Frontal middle (left) −30, −3, 54 3.96

Frontal inferior opercularis (right) 55, 15, 33 93 3.93

Precentral (right) 51, 6, 24 3.85

Precentral (left) −51, 6, 27 92 3.15

Frontal inferior opercularis (left) −39, 3, 27 2.74

Ventral attention network Parietal inferior (left) −54, −48, 39 136 3.35

Angular (left) −48, −66, 33 3.14

Angular (right) 45, −60, 36 57 2.73

Sensorimotor network Precentral (left) −27, −21, 78 333 5.17

Paracentral (left) −15, −27, 72 4.46

Precentral (right) 15, −18, 75 237 4.33

Postcentral (right) 30, −30, 60 3.80

Cerebellum (right) 12, −51, 21 72 3.77

Cerebellum (left) −9, −48, −15 2.74

Visual network Calcarine (right) 6, −78, 12 331 4.77

Calcarine (left) −12, −66, 12 3.93

Stress recovered <

Controls

Default mode network Cingulum anterior (right) 6, 36, 18 147 3.47

Ventral attention network Parietal inferior (left) −33, −74, 51 101 4.21

Angular (left) −36, −69, 45 2.78

Frontal middle (right) 33, 27, 39 75 3.77

Frontal inferior triangularis (left) −48, 42, 0 59 3.08

Frontal middle (left) −36, 45, 0 2.64

Parietal inferior (right) 51, −48, 48 58 3.04

Indeed, we observed a decreased resting functional connectivity

in the DMN, VAN, and SMN after stress recovery. Additionally,

decreased functional connectivity was also observed in the DAN,

SMN, and VN networks in controls, when compared with

stress-recovered group. However, only a specific brain region of

the DMN (the right anterior cingulate cortex—ACC) showed

increased functional connectivity in controls when compared

with stress-recovered participants. Results of increased functional

connectivity of the DMN at rest after chronic stress exposure are

consistent with those previously reported (Soares et al., 2013).

More recently, Vaisvaser et al. (2013) evidenced similar results

using an acute social stress model.

In the current study, we explored further the plasticity of the

RSNs after recovery from the impact of chronic stress-induced

changes and showed for the first time that all RSNs, with the

exception of the DAN and AN, displayed a functional recovery

after the cessation of the exposure to stress. Notably, the compar-

ison with controls allowed us to observe a return to the initial

levels the functional connectivity of the DMN, VAN, and AN, but

still a sustained pattern of increased functional connectivity of the

DAN, SMN, and VN networks.

These results suggest that DAN, SMN, and VN are less plas-

tic when recovering from the impact of stress exposure. The

DAN network has been associated with top-down attention pro-

cesses as inhibitory control, working memory, and response

selection. These cognitive processes depend upon the prefrontal

integrity (dorsal frontal regions), which are brain regions vul-

nerable to the effects of stress (Cerqueira et al., 2007). Indeed,

animal studies evidenced stress-related prefrontal remodeling

(e.g., selective atrophy of the prefrontal cortex, elimination of

dendritic spines) after chronic stress exposure (Cerqueira et al.,

2007; Gourley et al., 2013). This stress-related prefrontal struc-

tural reorganization has been associated with impaired perceptual

attention, behavioral flexibility, and decision making in rodents

and humans (Cerqueira et al., 2005; Dias-Ferreira et al., 2009;

Soares et al., 2012; Yuen et al., 2012). Interestingly, studies

analysing the recovery of posttraumatic stress disorder reported

that an increased thickness of the dorsolateral prefrontal cor-

tex was associated with greater symptomatic alleviation (Lyoo

et al., 2011). The concomitant SMN and VN sustained increased

functional connectivity are possibly associated with a motor and

visual readiness state that is required for the stress response. This
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FIGURE 3 | Comparison between stress recovered participants and

controls in resting state networks (RSNs). The images show areas

in which stress recovered participants display greater functional

connectivity than controls in the dorsal attention network (DAN) (A),

sensorimotor network (SMN) (B), and primary visual network (VN)

(C). Lower functional connectivity was found in the default mode

network (DMN) (D). Ventral attention network (VAN) (E) displays

increased functional connectivity in different regions both in stress

recovered (orange) and in control (blue) participants. Results were

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.

FIGURE 4 | The recovery from stress in resting state networks

(RSNs) during task-induced deactivations. The images illustrate areas

of decreased deactivation in stress group when compared to stressed

recovered participants in the default mode network (DMN) (A),

sensorimotor network (SMN) (B), and auditory network (AN) (C),

extracted by general linear model analysis and using paired 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

stress recovered.

specific pattern of plasticity suggests that some RSNs may be a

tool for monitoring effective anti-stress interventions, similar to

that proposed to verify the effect of the treatments in several

neuropsychiatric diseases (Achard and Bullmore, 2007).

Besides the functional plastic recovery in the connectivity of

the RSNs at rest, we also observed a continuum in the pattern of

deactivation—that is, there was an increased deactivation from

stress toward the control group in all the RSNs. DMN deactiva-

tion has been associated with reallocation of attentional resources

to cognitively demanding tasks (Hu et al., 2013). Moreover,

task-induced RSNs deactivation is correlated with behavioral per-

formance: for example, stronger DMN deactivation in a working

memory task predicts better performance (Uddin et al., 2009;

Mayer et al., 2010). Increased deactivation observed in our con-

trol group and in our stress-recovered participants (comparing

with stress). Additionally, abnormal patterns of RSNs deactiva-

tion have been associated with several neuropsychiatric diseases

(Pomarol-Clotet et al., 2008; Guerrero-Pedraza et al., 2012).
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Table 3 | Group differences (Stress < Stress recovered) in brain regions of the DMN, SMN, and AD maps in task-induced deactivation (paired

t-tests, corrected for multiple comparisons, p < 0.05).

Condition Regions Peak MNI Cluster size Maximum Z

coordinates (voxels) score

Stress < Stress recovered Default mode network Frontal medial orbitofrontal (left) −6, 56, −8 173 3.11

Frontal superior medial (left) −4, 64, 6 2.86

Sensorimotor network Cerebellum (left) −4, −58, −8 57 2.27

Auditory network Temporal superior (left) −58, 0, 2 82 3.28

Rolandic operculum (left) −50, −6, 4 2.48

Table 4 | Group differences (Stress recovered < Controls) in brain regions of the DMN, DAN, VAN, and AN maps in task-induced deactivation

(two sample t-tests, corrected for multiple comparisons, p < 0.05).

Condition Regions Peak MNI Cluster size Maximum Z

coordinates (voxels) score

Stress recovered < Controls Default mode network Cuneus (left) −12, −58, 24 74 2.58

Cingulum anterior (left) −4, 34, −8 260 2.56

Frontal medial orbitofrontal (right) 6, 52, −12 2.29

Fusiform (right) 26, −36, −16 52 2.46

Temporal middle (right) 42, −66, 22 157 2.44

Dorsal attention network Parietal inferior (left) −26, −44, 48 41 2.23

Ventral attention network Parietal superior (left) −28, −80, 50 57 2.52

Auditory network Temporal superior (left) −62, −8, 6 129 3.00

Temporal superior (right) 64, −12, 6 31 2.65

FIGURE 5 | Comparison between stress recovered participants and

controls in resting state networks (RSNs) during task-induced

deactivations. The images demonstrate areas of decreased deactivation in

stress-recovered participants when compared to controls in the default mode

network (DMN) (A), dorsal attention network (DAN) (B), ventral attention

network (VAN) (C), and auditory network (AN) (D), 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

stress recovered when compared to controls participants.
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This study shows that while the functional remodeling of RSNs

endures, the structural changes (volumetry) of the brain areas

involving these networks is still absent after this period of recov-

ery, as no significant areas of expansion or constriction were

found in the networks between stress and stress recovered partic-

ipants; however, in contrast to the difference previously reported

in the volumetry of the DMN after stress exposure (Soares et al.,

2013) we also did not find significant differences between stress

recovered and controls. Difference in results may be related with

the limited sample size; the fact that our groups did not dif-

fer in physiological cortisol levels and finally, because no direct

comparisons were made between stress and control groups.

In summary, the present study contributes to better under-

stand the plastic phenomena that occur in RSNs after the

cessation of stress exposure. While we have previously shown

the existence of stress-related impairments in the activation-

deactivation of RSNs (Soares et al., 2013), here we demon-

strate that a functional remodeling of the activation-deactivation

pattern of the RSNs takes place following chronic-stress recov-

ery. Although promising, our results should be interpreted

with caution mainly due to the reduced size of our sample;

therefore, future studies should try to replicate these obser-

vations in a larger sample, ideally using exactly the same

participants in all conditions, as controls, stressed, and after

recovery.
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 Experimental Work 

Lingual (right) -3.0464 0.00305 

Pars triangularis (left) -3.0312 0.00320 

Fusiform (right) -2.9598 0.00037 

Frontal pole (right) -2.9472 0.00410 

Lingual (left) -2.9103 0.00457 

Supramarginal (left) -2.8668 0.00525 

Supramarginal (right) -2.8627 0.00525 

Inferior parietal (left) -2.8547 0.0092 

PSS Negative Frontal pole (right) -3.3396 1.23E-03 

 

Table 3 

Effect of the interplay between stress and aging and stress and mood on brain volumetry (corrected for multiple 

comparisons FDR 0.05). M - Mean; SD - Standard Deviation. 

Interaction Correlation Region M-SD/M/M+SD T P 

Age*PSS Positive Frontal pole (left) -2.6821/3.5549/9.7919 3.1282 0.0024 

Age*GDS Negative Temporal pole (left) 10.2711/-1.7243/-13.7198 -2.8121 0.0061 

 

Table 4 

Effect of the interplay between aging, stress and mood on brain white matter regional volumetry (corrected for multiple 

comparisons FDR 0.05): M - Mean; SD - Standard Deviation; LPSS - Low Perceived Stress Scale scores; HPSS - High 

Perceived Stress Scale scores; LGDS – Low Geriatric Depression Scale scores; HGDS – High Geriatric Depression Scale 

scores. 

Interaction Correlation Region M-SD/M/M+SD T P 

Age*GDS Negative 

Frontal pole (left) 1.1835/-0.9989/-3.1813 -3.2240 0.0018 

Temporal pole (left) 1.8836/-2.0358/-5.9551 -2.7813 0.0066 

Superior parietal (left) -15.6389/-62.1391/-108.6391 -2.7026 0.0083 

 
LPSS_LGDS/LPSS_HGDS/HPSS_LGDS

/HPSS_HGDS 
 

Age*PSS*GDS Positive 

Paracentral (left) -5.0132/-37.1670/-52.2815/-9.5234 2.6634 0.0092 

Superior frontal (left) 
-46.3864/-200.5990/-156.4589/-

66.0731 
2.6541 0.0093 

 

Table S1 

Standardized regression coefficient of the significant Age*PSS*GDS interactions in WM volumetry. 

Factor 
Regions 

Paracentral (left) Superior frontal (left) 

Age -0.3866 -0.3789 

PSS 0.1076 -0.0630 

GDS -0.0658 -0.0738 

Age*PSS -0.0730 0.0197 

Age*GDS 0.0394 -0.0515 

Age*PSS*GDS 0.2785 0.1974 
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 The influence of Stress and Mood across the lifespan on Resting State Brain Networks 

Table 2 

Effect of age, stress and mood on task induced deactivations (multiple regressions, corrected for multiple comparisons, p 

<0.05). 

Effect Correlation RSN Regions 
Peak MNI 

coordinates 

Cluster size 

(voxels) 

Maximum Z 

score 

Age Negative DMN Fusiform (left) -30, -40, -14 53 2.89 

PSS Positive 
AN Temporal superior (left) -51, -1, -8 104 3.52 

SMN Cerebellum (left) -18, -37, -26 57 2.55 

GDS Negative DMN 

Posterior cingulate (right) 9, -40, 25 

226 

2.92 

Posterior cingulate (left) -9, -49, 25 2.48 

Precuneus (right) 18, -49, 13 2.45 

Frontal superior medial (left) 0, 62, 13 64 2.43 

 

Table 3 

Effect of the interplay between stress, mood and aging on resting state brain networks (multiple regressions, corrected for 

multiple comparisons, p <0.05). M- Mean; SD - Standard Deviation; LPSS - Low Perceived Stress Scale scores; HPSS - High 

Perceived Stress Scale scores; LGDS – Low Geriatric Depression Scale scores; HGDS – High Geriatric Depression Scale 

scores. 

Interac

tion 
Correlation RSN Regions 

Peak MNI 

coordinates 

Cluster 

size 

(voxels) 

M-SD/M/M+SD 
Maximum Z 

score 

Age*PSS 

Positive 

DMN Frontal middle (right) 3, 39, -15 78 -0.0683/-0.0120/0.0290 3.46 

VAN 

Parietal inferior (right) 45, -45, 45 
163 -0.0503/0.0114/0.0731 

4.13 

Angular (right) 42, -51, 36 3.79 

Occipital middle (left) -42, -72, 33 73 -0.0199/0.0247/0.0693 2.92 

Negative SN 

Frontal middle (left) -36, 45, 21 101 0.0023/-0.0399/-0.0821 3.24 

Anterior cingulate (right) 6, 27, 24 
93 0.0178/-0.0171/-0.052 

3.07 

Anterior cingulate (left) -6, 24, 24 2.84 

Age*GD

S 

Positive 

AN Temporal superior (left) -54, -6, -3 40 -0.0297/0.0033/0.0362 2.67 

DMN Temporal middle (right) 42, -66, 21 76 -0.0414/-0.0078/0.0258 2.92 

VAN Frontal middle (right) 33, 15, 48 90 -0.0368/-0.0092/0.0184 2.97 

Negative SMN Cerebellum (left) -6, -57, -9 62 0.0254/-0.0230/-0.0714 4.02 

 
LPSS_LGDS/LPSS_HGDS/HPS

S_LGDS/HPSS_HGDS 
 

Age*PSS

*GDS 

Positive 

DMN 
Frontal medial orbitofrontal (left) -6, 45, -9 

135 0.0102/-0.0513/-0.0734/0.0275 
3.57 

Anterior cingulate (right) 9, 33, 3 2.73 

HVN Fusiform (right) 27, -84, -6 90 0.0484/-0.0123/-0.1012/0.0356 3.27 

VAN Parietal inferior (left) -30, -81, 45 47 0.0201/-0.036/-0.0581/0.0783 2.53 

Negative 

AN 
Temporal superior (right) 57, -12, 9 41 -0.006/0.0402/0.0909/-0.0047 2.81 

Temporal superior (left) -54, -27, 12 83 -0.0439/0.0927/0.0759/-0.0048 2.68 

DMN Frontal superior medial (right) 6, 48, 33 96 -0.0627/0.0191/0.0217/-0.0544 3.88 

VAN Frontal middle (right) 51, 24, 45 116 -0.0267/0.0841/0.0698/-0.0191 3.85 

 

Table 4 

Effect of the interplay between stress, mood and aging on task induced deactivation (multiple regressions, corrected for 

multiple comparisons, p <0.05). M- Mean; SD - Standard Deviation; LPSS - Low Perceived Stress Scale scores; HPSS - High 

Perceived Stress Scale scores; LGDS – Low Geriatric Depression Scale scores; HGDS – High Geriatric Depression Scale 

scores. 

Interaction 
Correlatio

n 
RSN Regions 

Peak MNI 

coordinates 

Cluster size 

(voxels) 
M-SD/M/M+SD 

Maximum 

Z score 

Age*PSS Positive DMN 
Frontal superior medial (left) -9, 44, 43 

335 -0.0111/0.0061/0.0233 
2.80 

Frontal superior medial (right) 12, 53, 16 2.72 
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Precuneus (right) 9, -58, 34 
69 -0.0094/0.0064/0.022 

2.59 

Precuneus (left) 0, -61, 40 2.51 

Age*GDS Negative DMN Anterior cingulate (left) -9, 44, 1 94 0.0161/0.0015/-0.0131 2.85 

 
LPSS_LGDS/LPSS_HGDS/HPSS

_LGDS/HPSS_HGDS 
 

Age*PSS*GD

S 

Positive SMN Precentral (right) 36, -16, 58 313 0.0172/-0.017/-0.0142/0.0143 2.57 

Negative DMN Frontal superior medial (right) 12, 53, 22 65 -0.0208/0.0166/0.0445/0.0091 2.86 

 

Table S1 

Standardized regression coefficient of the significant Age*PSS*GDS interactions. 

Region 

Factor 

Resting state networks - cluster peak 

Task-induced 

deactivation - cluster 

peak 

Frontal 

medial 

orbitofrontal 

(left) 

Fusiform 

(right) 

Parietal 

inferior 

(left) 

Temporal 

superior 

(right) 

Temporal 

superior 

(left) 

Frontal 

superior 

medial 

(right) 

Frontal 

middle 

(right) 

Precentral 

(right) 

Frontal 

superior 

medial 

(right) 

Age -0.2490 -0.0614 0.0072 0.1498 0.1902 -0.2281 0.2675 0.0037 0.4862 

PSS 0.0374 0.0153 0.3181 0.0640 0.1298 -0.0336 -0.2382 0.0070 -0.2157 

GDS -0.0438 -0.0711 -0.1968 -0.1514 -0.0844 -0.2126 0.1476 -0.1841 0.1078 

Age*PSS -0.0138 -0.2122 0.0598 0.0187 0.0354 0.0326 -0.0164 -0.0010 0.5690 

Age*GDS 0.1129 0.1587 0.1332 -0.1760 0.0888 0.0170 0.0544 -0.0583 0.0202 

Age*PSS*GDS 0.4645 0.4119 0.3197 -0.3529 -0.3449 -0.4713 -0.4942 0.6357 -0.7168 
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