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Perceived stress modulates the activity between the amygdala
and the cortex
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The significant link between stress and psychiatric disorders has prompted research on stress’s impact on the brain. Interestingly,
previous studies on healthy subjects have demonstrated an association between perceived stress and amygdala volume, although
the mechanisms by which perceived stress can affect brain function remain unknown. To better understand what this association
entails at a functional level, herein, we explore the association of perceived stress, measured by the PSS10 questionnaire, with
disseminated functional connectivity between brain areas. Using resting-state fMRI from 252 healthy subjects spanning a broad age
range, we performed both a seed-based amygdala connectivity analysis (static connectivity, with spatial resolution but no temporal
definition) and a whole-brain data-driven approach to detect altered patterns of phase interactions between brain areas (dynamic
connectivity with spatiotemporal information). Results show that increased perceived stress is directly associated with increased
amygdala connectivity with frontal cortical regions, which is driven by a reduced occurrence of an activity pattern where the signals
in the amygdala and the hippocampus evolve in opposite directions with respect to the rest of the brain. Overall, these results not
only reinforce the pathological effect of in-phase synchronicity between subcortical and cortical brain areas but also demonstrate
the protective effect of counterbalanced (i.e., phase-shifted) activity between brain subsystems, which are otherwise missed with
correlation-based functional connectivity analysis.
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INTRODUCTION
Daily routines are getting increasingly stressful as modern society
advances [1, 2]. Consequently, a new way of living, working, and
interacting with others has emerged, with mental health concerns
growing as a result of this transition [3, 4].
The way stress influences the brain has been examined at

several levels, including molecular, cellular, and network levels
[5–9]. Notwithstanding, it was the development of advanced
neuroimaging techniques that potentiated our knowledge of
brain morphology, connectivity, and function [6, 10–17]. More-
over, emergent algorithms for functional Magnetic Resonance
Imaging (fMRI) data analysis have expanded the potential of
neuroimaging studies to investigate the pathophysiology of brain
disorders [15, 18–20]. Of relevance, whereas traditional static
connectivity metrics tells us, on average, how synchronized two
brain regions are (fine spatial resolution but no temporal
definition), more recent functional dynamic analyses enable the
identification of brain states resulting from spontaneous fluctua-
tions of brain activity, thus providing spatiotemporal information
(although with lower spatial definition) [21–23]. In particular,
different clinical and pre-clinical psychiatric symptoms have

recently been associated with disrupted phase-locking patterns
in fMRI signals between brain regions captured with Leading
Eigenvector Dynamics Analysis (LEiDA) [24–26]. This reinforces
the emerging hypothesis that optimal functional brain interac-
tions may not necessarily be related to synchronized co-
activation (as captured with static correlation-based analysis),
but instead to delayed interactions leading to counterbalanced
activations and de-activations between different brain subsys-
tems [27–30].
It is well-established that chronic stress is a significant risk factor

for the emergence of diseases such as post-traumatic stress
disorder [31, 32], anxiety [33, 34], major depression disorder
[33, 35], bipolar disorder [36, 37] and schizophrenia [38, 39].
However, due to the unique characteristics of each pathology,
discovering how the brain is altered before disease onset is highly
beneficial to the understanding of stress neurobiology and even
crucial if considering mental preventive interventions [40–43].
Interestingly, when analyzing the relationship between per-

ceived stress and brain morphology, a positive association
between amygdala volume and perceived stress is observed
[44, 45]. However, the way perceived stress affects brain function
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is still unclear, particularly if considering the small sample size of
non-pathological studies in the literature [46–53].
Herein, we used a large cohort of resting-state fMRI data from

healthy subjects of varying ages to gain a deeper insight into the
impact of perceived stress on the functional interactions between
brain areas. Based on the morphological results of our previous
study [44], in which a positive association between the right
amygdala volume and PSS10 scores was observed in a cohort oh
young adults, we started by evaluating the association of
perceived stress with amygdala seed-based connectivity (fine
spatial resolution). Subsequently, we explored the disseminated
effect of perceived stress on dynamic connectivity at a whole-
brain level (spatiotemporal resolution). We hypothesized that
differences in perceived stress would be reflected in amygdala
connectivity, as well as in the expression of functional connectivity
patterns involving emotional processing regions.

MATERIALS/SUBJECTS AND METHODS
Ethics statement
This study followed the criteria outlined in the Declaration of
Helsinki (59th amendment) and was approved by the national and
local ethics review board committees (Comissão Nacional de
Protecção de Dados, Comissão de Ética para a Saúde of Hospital de
Braga, and Subcomissão de ética para as ciências da vida e da saúde
from University of Minho). All participants were informed about
the study’s goals and signed informed consent. Informed consent
was also signed by the parents of participants under the age of 18.

Participants and study design
This work gathered 252 participants. Being a healthy individual
and having the capability to undergo an MRI session were the
primary inclusion criteria. Non-acceptance or inability to under-
stand informed consent, individual choice to withdraw from the
study, presence of any comorbidity from the central nervous
system, or diagnosis of any neuropsychiatric illness were all
exclusion criteria.
The protocol of this study consisted of a single evaluation. First,

participants were characterized in terms of age, sex, and
psychosocial stress. For the psychological assessment, participants
were required to fill out the 10-items perceived stress scale
(PSS10) questionnaire to quantify chronic psychosocial stress in
the last month. After this, participants were submitted to an MRI
session, performing an anatomical acquisition and a resting-
state fMRI.
The anatomical images were used to preprocess fMRI data. The

resting-state scans were used to explore the association of
perceived stress with static and dynamic brain connectivity. For
the static connectivity, a seed-based approach was followed. For
the dynamic connectivity, a whole-brain data-driven analysis was
conducted.

Participant characterization
Participants’ demographic and psychological characterization was
made using SPSS version 23 (IBM, SPSS, Chicago, IL, USA). Each
variable was checked for normality, and non-parametric tests
were applied where the assumption was not met. Sex factor was
used in between-groups comparisons. A correlation between
PSS10 scores and age was also made. The statistical significance
was established for α= 0.05.

MRI data acquisition
The MRI acquisitions were made at the Hospital of Braga (Braga,
Portugal), using a clinical approved Siemens Magnetom Avanto
1.5T MRI scanner (Siemens Medical Solutions, Erlangen, Germany),
with a 12-channel receive-only head coil. After the acquisition, all
images were examined by a licensed neuro-radiologist to ensure
that the scans were not adversely influenced by head motion and

to confirm that participants did not have any pathologies or brain
lesions.

Structural MRI. Anatomical acquisition consisted of one high-
resolution T1-weighted Magnetization-Prepared Rapid Acquisition
with Gradient Echo sequence (MPRAGE), with the following
parameterization: voxel size= 1 × 1mm2, slice thickness= 1mm
repetition time (TR)= 2.73 s, echo time (TE)= 3.48 ms, flip angle
(FA)= 7°, field of view (FoV)= 256mm, and 176 sagittal slices with
no gap.

Resting-state functional MRI. Before the acquisition, participants
were told to remain motionless with closed eyes, not to fall asleep,
and not to think about anything specific. The fMRI acquisition
consisted of a Blood Oxygenation Dependent Level (BOLD)
sensitive echo-planar imaging, with the following parameteriza-
tion: voxel size= 3.5 × 3.5 mm2, slice thickness= 3.5 mm, TR= 2 s,
TE= 30ms, FA= 90°, FoV= 1344mm, 30 axial slices, slice gap=
0.48 mm, and 180 volumes.

MRI data preprocessing
Results included in this manuscript come from preprocessing
performed using fMRIPrep 1.4.1 [19, 54] (RRID:SCR_016216), which
is based on Nipype 1.2.0 [55, 56] (RRID:SCR_002502). A full
description of the preprocessing pipeline can be found in
the Supplementary material.

Amygdala seed-based connectivity
Seed-based connectivity analyses were performed using FSL
(FMRIB Software Library, version 6.0, Analysis Group, FMRIB, UK)
[57–59]. Firstly, the left and right amygdala masks were created
using the Automated Anatomical Labeling (AAL) atlas [60, 61].
Herein, the mask of the right amygdala was centered in [32, 0,
−30] (coordinates in mm) and composed of 248 voxels. With a
voxel size of 220, the left amygdala mask was centered in [−24,
−2, −28]. Then, the mean time series of each seed region were
extracted for each participant and cross-correlated with all other
brain voxels’ time series. After this step, individual amygdala seed
connectivity maps were considered the variable of interest,
perceived stress (measured by PSS10 scores) as the independent
term, and age and sex as covariates. Notably, due to the
differences in magnitudes, PSS10 scores, age and sex covariates
were standardized prior to statistical analysis. Finally, the
association with perceived stress was estimated using the FSL
randomize function, a non-parametric permutation method,
considering 5000 permutations with statistical significance
α= 0.05 after threshold-free cluster enhancement (TFCE) and
family-wise error rate (FWE-R) correction [62]. The statistically
significant clusters obtained were labeled with the AAL2 [60], and
the BrainNet Viewer software was used for the visualization of
results [63].
In order to further explore the results obtained with the right

and left seed-based analysis for the total sample, two additional
analysis were conducted: a left seed-based connectivity associa-
tion with PSS10 scores in the total sample with a less restrictive
threshold for statistical significance (setting α= 0.1); and a right
seed-based connectivity association with PSS10 scores in indivi-
dual subgroups of younger (15–25 years) and older adults (75–85
years).

Dynamic functional connectivity
The dynamic functional connectivity analysis was performed
using the LEiDA method, which captures recurrent patterns of
phase-locking between brain areas [18, 64]. Importantly, it
allows estimating the probability of occurrence of each phase-
locking pattern in each fMRI scan, providing a quantitative
measure to compare with perceived stress (measured by
PSS10 scores).
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The mean fMRI signal for each of the N= 94 non-cerebellar
brain regions of the AAL2 atlas was extracted for each subject, and
the signal phase was computed using the Hilbert transform. After
removing the first and last time points, at each of the T= 178 time
points, an instantaneous N × N functional connectivity matrix was
computed as the cosine of the phase difference between each
pair of brain regions, and the 1 × N leading eigenvector (i.e.,
associated with the largest magnitude eigenvalue) was saved for
each timepoint, generating an N × T matrix capturing the
dominant pattern of phase interactions for each timepoint.
Previous works have shown that these patterns can be clustered

into a reduced set of phase-locking patterns, where the subsets of
brain areas shifting in phase from the rest of the brain reveal
known resting-state networks from the literature [64, 65]. Since
the number of patterns defined is not a fixed number and only
affects the sensitivity of the method, we ran the algorithm from
k= 2 to k= 20, with k representing the number of patterns to
cluster the data into (using the cosine distance and 500 iterations
per k). For each of the 252 participants s, the probability of
occurrence P(s,c,k) was calculated for each pattern c obtained for
each k (with c= 1,..,k). For the statistical analysis, we used a partial
correlation to measure the association between each pattern
probability and PSS10 scores while controlling for age and sex
factors. Notably, the significance was established for α= 0.05, and
the obtained p values were corrected for the number of clusters
tested (e.g., for k= 16, considering 16 independent multiple
comparisons, the p value was divided by 16).

RESULTS
Cohort characterization
The participants’ socio-demographic, psychological, and volu-
metric brain characterization (left and right amygdala, total GM,
and eTIV) are presented in Table 1. In addition, the raw
PSS10 scores, as well as the descriptive statistics of all cortical
and subcortical regions can be consulted in Supplementary Fig. 1
and Supplementary Table 1, respectively.
A Mann–Whitney U test indicated that no age differences were

found between males and females (U= 6940.5, p= 0.136).
An independent sample t-test indicated higher perceived stress

scores in females than in males (t (250)=−2.212, p= 0.028,
d= 0.28). A negative association between PSS10 scores and age
was also found (r (252)=−0.226, p < 0.001).
Regarding brain volumes, both total GM and eTIV were

significantly higher for males than females (U= 5491, p < 0.001,
r= 0.25; and t (250)= 9.691, p < 0.001, d= 1.25 respectively).

Static seed-based connectivity
A positive association between PSS10 scores and right amygdala
seed-based connectivity was observed within 17 clusters. As
illustrated in Fig. 1, the cluster with the highest connectivity
strength is peaked in the right Superior Frontal Gyrus (SFG)
(cluster 1), also embracing part of the right Middle Frontal Gyrus
(MFG). A cluster centered in the right MFG (2) and another in the
right SFG (3) revealed almost the same strength of association.
Interestingly, the next cluster presenting enhanced connectivity is
on the right superior parietal lobule, specifically on the right
precuneus (4). Next, centered in the MFG, cluster number 5 is the
only one placed entirely on the left hemisphere. We also found
clusters peaked in the anterior and middle right cingulate
(clusters 7 and 14). Importantly, we observed that several other
clusters of the SFG and MFG tend to synchronize with the right
amygdala when perceived stress is increased (clusters 8, 10, 12 in
SFG and clusters 9 and 15 [only 4 voxels] in the MFG). Importantly,
cluster 10 (SFG) and cluster 9 (MFG), although with considerable
voxel size (313 and 188, respectively), did not reveal heightened
association with the right amygdala seed-region, particularly
when compared to other clusters with smaller sample sizes. Ta
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Clusters 6 and 11 are peaked in the Inferior Frontal Gyrus (IFG), on
the pars opercularis and pars triangularis, respectively. Finally,
with the most negligible strength of association and lowest voxel
size, clusters 16 (6 voxels) and 17 (2 voxels) are also centered in
the IFG (pars triangularis and pars orbitalis). A more detailed
description of all the clusters in which connectivity with the right
amygdala is positively associated with stress is presented in
Table 2.
When exploring the positive association between PSS10 scores

and left amygdala seed-based connectivity, no significant results
were found (for the statistical significance of α= 0.05). However,
as a way of further explore a possible tendency of association, we
decided to lower the threshold for statistical from α= 0.05 to
α= 0.1, as previously described in the methods section. With this
new (and less restrictive) threshold, we found a cluster peaked in
the right SFG (x= 24, y= 56, z= 14, in mm; cluster size= 36; peak
p value= 0.065 and cluster mean p value= 0.07). Interestingly,
this cluster overlaps with cluster number 1 reported above (Fig. 1),

which has been shown to have the highest connectivity strength
with the right amygdala. A visual representation of these results is
presented in Supplementary Fig. 2.
When conducting the individual subgroup analysis (younger

and older adults), although with a smaller number of subjects per
decade, the data shows that the right amygdala connectivity
positively associates with PSS in both younger and older cohorts.
Interestingly, this association was slightly different among age
groups: whereas in younger subjects major clusters embrace
precuneus, cingulate gyrus, frontal pole, frontal orbital cortex,
lateral occipital cortex, paracingulate gyrus, and middle frontal
gyrus; in older subjects we found positive associations with PSS
mainly in postcentral, precentral, middle frontal and temporal
gyrus and, importantly, a positive association of the right
amygdala with contralateral subcortical structures (i.e., left puta-
men, hippocampus and amygdala). No other significant associa-
tions between amygdala connectivity and PSS were found (see
Supplementary Fig. 3 for details).
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Fig. 1 Results from the static connectivity: Positive association of right amygdala seed-based connectivity with PSS10 scores. A positive
association between PSS10 scores and right amygdala seed-based connectivity was observed within 17 clusters. A Representation of the most
significant clusters obtained. Each voxel is colored by its statistical significance, and the right amygdala seed region is colored in blue. B 3D
representation of all clusters obtained, as well as its connection with right amygdala. Each cluster is represented by a sphere colored by the
strength of the connectivity (stronger connection in yellow). Spheres sizes were defined as an approximation of clusters sizes, using a pre-
defined range interval. Seed-Based connectivity analysis were made using FSL, with individual seed connectivity maps as the variable of
interest, PSS10 scores as the independent term, and age and sex as covariates. The statistical significance was considered for p values < 0.05,
after threshold-free cluster enhancement (TFCE) and family-wise error rate (FWE-R) correction.
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No other significant associations between seed-based amygdala
connectivity and PSS10 scores were found, including negative
associations in both right and left hemispheres.

Dynamic functional connectivity
The LEiDA analysis revealed a particular pattern of phase-locking
between brain areas whose probability of occurrence was

Table 2. Clusters resulting from the regression analysis between the right amygdala seed-based connectivity and PSS10 scores.

Cluster Index Cluster size Peak AAL2 description Brain region label

t value p valuea MNI coordinates
(mm)

x y z

1 257 4.643 0.016 42 62 −4 67% (4) Frontal Sup 2 R
33% (6) Frontal Mid 2 R

SFG (dorsolateral) R
MFG R

2 98 4.471 0.016 48 24 38 92% (6) Frontal Mid 2 R
8% (10) Frontal Inf Tri R

MFG R
IFG (triangular part) R

3 36 4.417 0.025 24 36 20 71% (4) Frontal Sup 2 R
29% (6) Frontal Mid 2 R

SFG (dorsolateral) R
MFG R

4 97 4.027 0.025 10 −70 28 87% (72) Precuneus R
11% (38) Cingulate Mid
R

Precuneus R
Middle Cingulate &
Paracingulate Gyri R

5 22 3.932 0.043 −26 50 8 70% (5) Frontal Mid 2 L
30% (3) Frontal Sup 2 L

MFG L
SFG (dorsolateral) L

6 42 3.891 0.030 48 16 14 100% (8) Frontal
Inf Oper R

IFG (opercular part) R

7 20 3.861 0.041 14 44 2 45% (36 Cingulate Ant R
40% (22) Frontal
Med Orb R
15% (20) Frontal Sup
Medial R

Anterior Cingulate &
Paracingulate Gyri R
SFG (medial orbital) R
SFG (medial) R

8 26 3.800 0.042 16 20 46 100% (4) Frontal Sup 2 R SFG (dorsolateral) R

9 188 3.791 0.023 32 14 48 99% (6) Frontal Mid 2 R MFG R

10 313 3.787 0.018 −2 32 38 73% (19) Frontal Sup
Medial L
21% (20) Frontal Sup
Medial R

SFG (medial) L
SFG (medial) R

11 18 3.750 0.038 58 24 2 100% (10) Frontal Inf Tri
R

IFG (triangular part) R

12 11 3.706 0.046 −2 22 42 82% (19) Frontal Sup
Medial L
18% (15) Supp
Motor Area L

SFG (medial) L
Supplementary Motor Area L

13 36 3.686 0.032 42 28 −22 81% (30) OFCpost R
11% (32) OFClat R
8% (28) OFCant R

POG R
LOG R
AOG R

14 8 3.513 0.048 6 18 44 50% (38) Cingulate Mid
R
50% (20) Frontal Sup
Medial R

Middle cingulate &
paracingulate gyri R
SFG (medial) R

15 4 3.289 0.048 34 22 60 100% (6) Frontal Mid 2 R MFG R

16 6 3.031 0.048 44 46 −4 50% (12) Frontal Inf
Orb 2 R
33% (10) Frontal Inf Tri R
17% (6) Frontal Mid 2 R

IFG (pars orbitalis) R
IFG (triangular part) R
MFG R

17 2 2.815 0.050 52 28 28 100% (10) Frontal Inf Tri
R

IFG (triangular part) R

A positive association between perceived stress scores and amygdala connectivity was observed in 17 clusters.
The seed-based connectivity analysis was performed using FSL. The individual maps of the seed (right amygdala) connectivity were used as the variable of
interest, PSS10 as the independent term, and age and sex as covariates. Due to the differences in magnitudes, all the variables were standardized prior to
analysis. The association was estimated using the FSL randomize function, considering 5000 permutations and α= 0.05 after threshold-free cluster
enhancement (TFCE) and family-wise error rate (FWE-R) correction. The results are presented by order of significance and the brain regions were labeled
according to the automated anatomical atlas 2 (AAL2).
SFG Superior Frontal Gyrus, MFG Middle Frontal Gyrus, IFG Inferior Frontal Gyrus, POG Posterior Orbital Gyrus, LOG Lateral Orbital Gyrus, AOG Anterior
Orbital Gyrus.
aWith TFCE and) FWE-R correction at a significance level of 0.05.
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negatively associated with PSS10 scores (detected for a partition
into K= 16 clusters, cluster c= 4, with pcorr= 0.0306 corrected for
the number of independent patterns compared and controlled for
age and sex). Interestingly, the same functional subsystem
obtained with K= 19, C= 4 also survived statistical correction
(see Supplementary Fig. 4 for details about all states found and
Supplementary Table 2 for all the p values and correlation
coefficients).
As shown in Fig. 2A, this pattern is characterized by a phase

shift in the fMRI signals of the bilateral hippocampus, amygdala,
parahippocampal gyri, and the left superior and middle temporal
pole. We note that the sign of phase projections is arbitrary and
that the vector is bidirectional, meaning simply that when this
pattern occurs, the brain areas with a given sign increase their
fMRI signal, while the areas with opposite sign decrease their fMRI
signal, or vice-versa.

This pattern of activity where the amygdala and hippocampus
are in anti-phase with the rest of the brain was found to occur
significantly more often in participants with lower perceived stress
(Fig. 2B). Conversely, participants with high stress scores expressed
this pattern less often. Interestingly, these results not only align
but also provide insights into the findings from the seed-based
analysis. Indeed, in the LEiDA analysis, the pattern occurring less
often in participants with higher perceived stress is a pattern
where the right amygdala (red arrow in Fig. 2A) is strongly phase-
shifted with respect to the areas in blue.
For easy understanding of the association found (i.e., higher

occurrence of the pattern in less stressed subjects), two arbitrary
subjects with high and low PSS10 scores were, respectively,
represented in subfigure B1 (Subject 1 with PSS10= 30) and
subfigure B2 (Subject 2 with PSS10= 4) of Fig. 2. By focusing on
the gray patches (which identify the periods of state occurrence),

Fig. 2 Lower perceived stress relates to more counterbalanced activity between amygdala-hippocampus and the rest of the brain. A The
functional phase-locking pattern represented by the cluster centroid Vc obtained for k= 16, c= 4. Elements in Vc(n) are sorted in descending
order and colored (from orange to dark blue) according to their relative phase shift. The arrows on the left indicate the seed region (red) and
the significant clusters (blue) from the seed-based analysis. On the right, a 3D rendering of the brain regions color-coded according to Vc(n).
B The probability of occurrence of this pattern is plotted against PSS10 scores for all 252 subjects, as well as the trendline of the negative
association found. B1–B2 For two representative subjects, the BOLD signals averaged across subsystems with the same color in (A). The gray
patches in the background highlight the time points when this pattern was detected, revealing clearly more occurrence for the subject with
lower perceived stress. Notably, even when this pattern is not detected, there is clearly less synchronicity between the fMRI signals in
subject 2.
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we observed that the significant state was less dominant in
stressed Subject 1 (only 2 small periods) than in the non-stressed
Subject 2 (in which it occurred five times and in more extended
periods). In addition, when looking at the BOLD signals, a higher
synchronization is observed in stressed Subject 1 than in non-
stressed Subject 2. Interestingly, desynchronization is particularly
noticed during the periods of state occurrence. These differences
are enhanced when looking to the right amygdala (represented in
the red line) and comparing it to the majority of the seed-based
regions (dark blue line).

DISCUSSION
In the present study, we used a sizeable cohort of healthy subjects
of several ages to explore the interaction of perceived stress with
the brain’s static and dynamic connectivity. Static connectivity
results show that increases in perceived stress are associated with
stronger right amygdala connectivity with several frontal cortical
nodes. On the other hand, the dynamic analysis revealed the
existence of a functional state involving the amygdala and
hippocampi, in which the probability of occurrence was found
to negatively associate with PSS10 scores.
The hypothesis that PSS10 scores are associated with right

amygdala connectivity was verified mainly in the right prefrontal
cortex, right precuneus, and right anterior and middle cingulate. In
addition, although not achieving statistical significance, a ten-
dency of increased connectivity between the left amygdala and
the right PFC was also observed. These results confirm the
relevance of the pattern of connectivity between the amygdala
and frontal cortical regions when processing emotional stimuli.
Interestingly, this association between subjective psychological
state and prefrontal-amygdala connectivity has been observed in
previous work [66].
Curiously, our data also highlight the relevance of distinct

patterns of brain hemispheric connectivity in the stress response,
as suggested by previous literature. Indeed, a previous study has
shown that the right PFC activity is associated with increased
emotionality (positively associating with amygdala activity),
whereas the left PFC relates with the downregulation of negative
emotions (negatively associating with amygdala activity) [67].
Another study reveals that increases in self-reported sleep were
negatively associated with distress severity and right amygdala-
prefrontal FC, whereas no significant results were observed on the
left hemisphere [66]. Importantly, although this work focusses on
the effects of perceived stress independently of the subjects’ sex
and age, sex-related functional amygdala asymmetries were also
observed in distinct Cahill’s works [68–70]. For instance, when
compared to woman, higher right amygdala functional connec-
tivity was observed in man; contrasting to the greater left
functional connectivity observed in women (when compared to
man), in resting-state analysis [69]. Indeed, these conclusions may
help unraveling our results, once they suggest that functional
amygdala lateralization is not solely caused by the emotional
input, but also respects both sex and hemispheric characteristics.
Moreover, in a meta-analysis on brain activity in response to stress,
the bias toward right hemisphere activation is also noticed,
particularly in the right superior temporal gyrus and IFG [11].
Therefore, our data seems to capture the contrast between the
right hemisphere’s dominance on stress regulation and emotional
processing, contrasting to the left hemisphere’s prominence on
linguistic and motor functions [71].
Our findings contrast with a previous work with a smaller

sample size, in which the right amygdala-ventromedial prefrontal
cortex FC was negatively related to stress in young adults, without
significant correlations being observed in adults [53]. Notably, this
contrast is even more highlighted when considering the individual
analysis in a subgroup of young adults, in which a positive, but
not any negative, association, was observed. Interestingly, by

conducting individual narrow aged analysis, it was demonstrated
that perceived stress and amygdala connectivity are positively
linked in both age groups (albeit with different nodes and with a
very interesting subcortical lateralization in the case of the older
ones). Furthermore, inconsistencies are emphasized by another
study in which stronger resting-state connectivity between the
left, and not the right, amygdala and (bilateral) regions such as the
MFG, anterior cingulate and thalamus, is observed in subjects with
higher levels of discrimination [72].
From a higher-level perspective, our seed-based results show

alterations in the fronto-parietal network, which is known to be
involved in several regulation processes [73, 74]. Most importantly,
changes in fronto-limbic and fronto-parietal circuits have been
linked to numerous stress-related psychopathologies [29, 73–77].
Indeed, rather than hamper specific individual brain regions’
mechanisms, stress affects the connectivity within brain circuits
causing a global impact at the neuromatrix [17]. Importantly, to
confirm the stress repercussions at the network level, the study of
dynamic connectivity is of value.
Using LEiDA, besides the identification of the most dominant

brain states, it is possible to distinguish which patterns (or states)
associate with variables of interest [18, 78]. Herein, our results
show that increases in perceived stress are negatively associated
with the occurrence of a functional state in which subcortical
regions, including the amygdala and hippocampus, are shifted
from the other regions of the brain, with the most significant shifts
being observed in PFC regions.
A previous study on clinically stressed subjects demonstrated

differential dynamic activation of right frontal areas, relating it to a
PFC dysfunction and, consequently, to a diminished ability to
downregulate amygdala activity [79]. Using a combination of
static and dynamic techniques, another research highlighted the
activity of frontal and parietal regions as biomarkers of negative
stress [80].
By combining static with dynamic connectivity results, we have

shown that the increase of perceived stress matches an increase in
amygdala connectivity, alongside a reduction in the occurrence of
the amygdala anti-phase state. Importantly, it is during this anti-
phase state that major desynchronization in healthy subjects is
observed. Indeed, denoting that state transitions seem to occur in
periods of intermediate synchronization or desynchronization (not
in the extremes), our results follow previous evidences supporting
the critical brain hypothesis [81]. In short, criticality claims that
neurons networks operate close to a critical point, easily crossing
to a state in which the activity gradually increases, or to a phase in
which the activity rapidly fades away [82]. Notably, several
processing functions are optimized at this critical point, with the
ability of the brain to be critical (and therefore shifting across
phases) considered fundamental on healthy subjects [82]. Indeed,
our results show that stressed subjects have increased amygdala
hypersynchrony and reduced ability to shift across brain states
(with fewer occurrences of the significant pattern), contrarily to
non-stress individuals which are characterized by intermediate
periods of synchrony and desynchrony of brain function, as for
their higher ability to shift across brain states.
This study has limitations. Its cross-sectional, rather than

longitudinal, design is one of the most significant drawbacks of
our research. However, if on one side we cannot infer any causality
regarding brain dynamics and perceived stress associations
(limitation), on the other hand we were able to identify
characteristics of a stressed brain that persist across the lifespan
(advantage). Notably, in this work, we did not control for subjects’
handedness. Assuming this as a limitation, we expect to include
this control variable in future studies as we recognize the benefits
of controlling for subjects’ handedness in the further dissection of
the functional asymmetries observed. The dynamic data-driven
analysis (LEiDA) is still quite novel and, in the present study,
confined to a non-clinical cohort. In light of these issues, future
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research should focus on expanding the current observations to
broader cohorts and in a longitudinal perspective.
In the present study, we explored the relationship between

perceived stress and brain connectivity in a large cohort of healthy
subjects with a broad age range. Our data reveal that increases in
perceived stress were associated with altered patterns of both
static and dynamic amygdala connectivity with frontal cortical
regions. More specifically, we show that increased perceived stress
is directly associated with increased amygdala connectivity with
frontal cortical regions, which is driven by a reduced occurrence of
an activity pattern where the signals in the amygdala and the
hippocampus evolve in opposite directions with respect to the
rest of the brain. In summary, these results reinforce the
detrimental effect of in-phase synchronicity between subcortical
and cortical brain areas but also demonstrate the protective effect
of counterbalanced activity between brain subsystems.
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