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Biomarcadores de RM do cérebro stressado: revelando interações entre perceção, 

morfologia e funcionamento 

Resumo 

O stress crónico e maladaptativo é um importante precursor para o desenvolvimento de doenças 

psiquiátricas como a ansiedade, depressão major e perturbação bipolar. De facto, a maioria dos 

indivíduos considera que as suas rotinas diárias são cada vez mais stressantes, estimando-se que 1 em 

cada 5 anos de vida seja atualmente vivido com incapacidade devido a doença mental. A resposta ao 

stress é uma reação multisistémica que conta com o envolvimento primário do eixo hipotálamo-hipófise-

suprarrenal, que desempenha um papel fulcral na adaptação do indivíduo a situações imprevisíveis. No 

entanto, a exposição a stress crónico pode causar a desregulação de mecanismos internos do corpo, 

que, a longo prazo, podem potencializar o desenvolvimento de doença. Mesmo partilhando o mesmo 

antecedente, cada doença neuropsiquiátrica tem características únicas. Assim, é de extrema importância 

investigar não só o que acontece durante e após a patologia, mas também o que a antecede. De facto, 

o estudo contínuo é altamente benéfico para um melhor entendimento da neurofisiologia do stress. É 

ainda essencial se considerarmos terapias preventivas. Até à data, são poucos os estudos que avaliam 

o impacto do stress em populações não clínicas. Para além disso, existem algumas discrepâncias na 

literatura que poderão estar relacionadas com o tamanho reduzido da amostragem dos estudos 

atualmente publicados. Assim, esta Tese teve como objetivo providenciar novos conhecimentos sobre as 

alterações que o stress (e em particular, o stress percebido) provoca na morfologia e função cerebral, 

procurando também encontrar novos sinais que possam ser utilizados como biomarcadores do cérebro 

stressado. Os nossos resultados mostram que existe uma relação forte entre o tamanho da amígdala 

direita e a perceção de stress. Esta associação positiva é estável quer a curto-prazo, quer ao longo da 

idade. Para além disso, esta Tese também mostra que aumentos na perceção de stress estão 

relacionados com aumentos na conetividade funcional da amígdala com regiões corticais, tal como com 

diminuições na ocorrência de um padrão de atividade contrabalançada entre um subsistema que engloba 

a amígdala e o hipocampo, e o resto do cérebro. Em suma, esta Tese demonstra que a perceção de 

stress se relaciona substancialmente quer com a morfologia do cérebro, quer com o seu funcionamento, 

sobretudo nas regiões da amígdala e hipocampo; interações que podem, em última análise, ser usadas 

como biomarcadores do cérebro stressado. 

Palavras-chave: Amígdala, Conectividade funcional, Indivíduos saudáveis, Morfometria, Stresse 

percebido  
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MRI biomarkers of the stressed brain: disclosing interactions between perception, 

morphology and functioning 

Abstract 

Chronic, maladaptive, stress is a major precursor for the development of psychiatric diseases such as 

anxiety, major depression, and bipolar disorder. Importantly, daily routines are perceived as increasingly 

stressful by most individuals, being estimated that 1 out of 5 years is lived with incapacity due to mental 

disorders. 

The stress response is a multisystemic reaction with the primary involvement of the HPA axis, which 

usually helps individuals overcome unpredictable situations. However, exposure to chronic stress may 

cause the dysregulation of internal mechanisms, which in the long run, may exacerbate disease 

development. Notably, even sharing the same precursor, each neuropsychiatric condition presents unique 

characteristics. Therefore, disclosing how the brain is altered before, during, and after the disease is 

highly beneficial to understanding stress neurophysiology and even crucial if considering mental 

preventive therapies. 

To date, few stress studies focus on non-pathological populations, with literature showing significant 

discrepancies that may have been fostered by the small sample size of published works. Therefore, this 

Thesis aimed to provide new insights about the changes induced by stress (particularly the perceived 

stress) on the healthy brain structure and functioning, as well as pursuing the development of new in-vivo 

biomarkers of the stressed brain. Our findings revealed the existence of a strong link between amygdala 

size and stress perception, in which a positive association is stable across time, and across age. 

Moreover, our results also show that increases in perceived stress relate to increases in amygdala-cortical 

connectivity, as to decreases in the occurrence of a pattern of counterbalanced activity between the 

amygdala-hippocampal subsystem and the rest of the brain. Altogether, this Thesis shows that stress 

perception exhibits a substantial interaction with brain morphology and functioning, particularly in 

amygdalae and hippocampal regions, which can ultimately be used as biomarkers of the stressed brain. 

Keywords: Amygdala, Functional connectivity, Healthy subjects, Morphometry, Perceived stress 
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CHAPTER I



 

2 

1. Introduction 

Daily routines are perceived as increasingly stressful by most individuals. Importantly, this perception 

triggers new challenges for mental health, with the number of people with stress symptoms growing day 

by day (Fett et al., 2019; Lederbogen et al., 2011). Importantly, chronic, maladaptive, stress is a major 

precursor for the development of psychiatric diseases such as anxiety (Pêgo et al., 2009), major 

depression (Welberg, 2014), and bipolar disorder (Kim et al., 2007). Furthermore, according to the World 

Health Organization (WHO), mental disorders are now responsible for 1 out of 5 years lived with 

incapacity. Future prospects are discouraging with around 20% of the world's children and adolescents 

already having a mental health disease (World Health Organization, 2021). 

The stress response is multisystemic, being primarily recognized by the activation hypothalamic-pituitary-

adrenal (HPA) axis and the release of glucocorticoids (GC). Although the stress response contributes to 

survival in acute life-threatening situations, exposure to chronic stress can dysregulate internal body 

mechanisms, causing maladaptive stress reactions that may exacerbate disease development. Notably,  

stressors vary in type, time, recurrence, and intensity, with the subject’s outcome being highly variable 

due to individual susceptibility (Sousa, 2016). 

The relevant link between stress and disease has always captured the research community's interest. 

The development of advanced techniques such as Magnetic Resonance Imaging (MRI), as well as 

powerful tools to study the brain (particularly in humans), have certainly helped our knowledge in this 

field (Soares et al., 2016; Sousa, 2016). Of relevance, disclosing how the brain is altered before, during, 

and after the disease is highly beneficial to the understanding of stress neurophysiology and even crucial 

if considering mental preventive therapies (Avvenuti et al., 2020; Bergdahl et al., 2005; Kaul et al., 2021). 

 

2. Stress and Brain 

2.1.  Definition of stress 

At the beginning of the XX century, Walter Cannon defined homeostasis as the tendency of our body to 

respond to the environment as a way of maintaining the internal physical and chemical conditions (such 

as fluid balance, temperature, pH, ions concentration, and blood sugar levels) within a range that allows 

to keep life going (Cannon, 1929, 1926). Years later, Hans Selye introduced the concept of stress as a 
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physiological response that aims to restore the homeostasis disrupted by an external stimulus, usually 

called stressor (Goldstein and Kopin, 2007; Selye, 1956). A stressor can vary in type (e.g., physical or 

psychological), duration (e.g., minutes to months), and occurrence (e.g., acute event or prolonged). 

Notably, it triggers a variable response on the subject, with the stressor’s impact being highly conditioned 

by the susceptibility of each individual (Novais et al., 2017; Sousa, 2016). Interestingly, in acute situations 

and in moderate levels, stress contributes to the individual’s survival and success. On the contrary, 

prolonged stress may lead to a maladaptive stress response, jeopardizing the subject's well-being and 

ultimately triggering the development of diverse neurological and psychiatric conditions (Lucassen et al., 

2014; Sousa, 2016). 

2.2. The Stress Response 

The stress response is a multisystemic process also known as the fight-or-flight response (Cannon and 

Cannon, 1967). It counts with the primary involvement of the neuronal and endocrine systems, 

particularly on the HPA axis, as well as the Sympathetic Nervous System (SNS), which optimize the body 

for survival in the acute phase (Figure 1). It is worth noting that the stress response is mediated in two 

different ways: by neurotransmitters (in synapses, on neuron-to-neuron or neuron-to-effector 

communication) or through hormones (secreted by glands and released into the bloodstream). These 

substances act through receptors in distinct target tissues/organs. Interestingly, the same substance can 

either trigger an inhibitory or excitatory response (e.g., norepinephrine causes the contraction of smooth 

muscle with α1 receptors [e.g., abdominal viscera vasoconstriction], and β2 smooth muscle relaxation 

[e.g., bronchioles dilatation]). 

The physiological response to daily stressors (such as professional, economic, and social questions) is 

mostly the same as life-threatening situations. Yet, ironically, in the long term, non-life-threatening 

situations are enabled to compromise subject health precisely due to the body's effectiveness in 

responding to stress. 
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Figure 1. Physiology of Stress Response. A) General representation of the Hypothalamic-Pituitary-

Adrenal axis. B) Schematic representation of the neuroendocrine response to stress and its regulation. 

C) Sympathetic acute response. 

 

2.2.1.  Physiology of Stress Response 

The HPA axis (Figure 1A) is the major player in the stress response (Sapolsky et al., 1986). It is composed 

of hormone-secreting glands from the nervous and endocrine systems that, in the presence of a stimulus, 

are crucial for the occurrence of a cascade of events, also called stress response. In short, when a threat 

is recognized, different secretagogues, as the corticotrophin-releasing hormone (CRH) and arginine-
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vasopressin (AVP), are released by the hypothalamus. These hormones will act on the pituitary gland, 

leading it to secrete the adrenocorticotrophic hormone (ACTH) into the bloodstream. The ACTH will then 

travel until the adrenal glands, where it prompts the release of different corticosteroids, such as cortisol 

(Keller-Wood and Dallman, 1984; Pêgo et al., 2009; Raabe and Spengler, 2013). This causes many 

physiological changes in the body that will help the individual face the stressor (e.g., use of body resources 

to deal with prolonged stressor by the production of glucose from non-carbohydrate sources) (Hannibal 

and Bishop, 2014). The final act of the stress response is led by a negative feedback mechanism to shut 

off the HPA activation when increased cortisol levels in the bloodstream are sensed by receptors in the 

brain (Raabe and Spengler, 2013). 

The SNS, represented in Figure 1C, is the primary system to be recruited in the fight-or-flight response 

(Cannon and Cannon, 1967; Even et al., 2012). It is part of the Autonomic Nervous system responsible 

for the unconscious regulation of body functions, such as heart and respiratory rate, digestion, or pupillary 

response (Jänig, 1989). Indeed, in normal conditions, the SNS operates continuously at a basic level 

taking advantage of different neurotransmitters to regulate the body and maintain homeostasis (Brodal, 

2004; Hall et al., 2015; Kreibig, 2010). In the presence of a stimulus, brain signals are sent through the 

spinal cord until the preganglionic neuronal axons, where acetylcholine (ACh) release occurs. Then, 

depending on the amount of ACh present in the synaptic cleft (i.e., if enough to generate a response), an 

action potential is sent throughout the postganglionic fiber until the effector organ, where the release of 

catecholamines (epinephrine and norepinephrine) will trigger the effector response (e.g., blood vessel or 

muscles contraction) (Kreibig, 2010; Sturmberg et al., 2015). 

2.2.2.  The central role of the brain and GC 

Although considering the major importance of the HPA axis, the stress response begins with the stressor 

perception (Goldstein and Kopin, 2007). Notably, when facing a threat, the limbic system integrates 

different sensorial modalities to engage the stress response (Herman et al., 2005). This anticipated 

response counts with the involvement of the amygdala (which is primarily involved in emotional 

processing), the hippocampus (relating to memory and learning), and the prefrontal cortex (PFC) (involved 

in higher executive and cognitive functions) (Cerqueira et al., 2007; LeDoux, 2000; Maier et al., 2006). 

Notably, when facing a physical or psychological threat, these regions trigger the activation of the HPA 

axis through an indirect excitatory pathway. Therefore, regions as the bed nucleus of the stria terminalis 

(BNST) (part of the extended amygdala) (Herman et al., 2003, 1994) and the locus coeruleus (Plotsky et 
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al., 1989) are also known for being related to the stress response, due to their involvement in these 

indirect pathways (Cullinan and Herman, 1993; Herman et al., 2005; Pêgo et al., 2009; Prewitt and 

Herman, 1998). Of relevance for this Thesis, as demonstrated in Figure 1B, the amygdala has an 

excitatory effect on the HPA axis, promoting the release of CRH and AVP by the paraventricular nucleus 

of the hypothalamus (PVN). On the contrary, the hippocampus exerts an inhibitory action over the PVN 

to refrain the activation of the HPA axis.  

As previously referred, upon the stimulation of the HPA axis, the CRH and AVP neuropeptides act on the 

pituitary gland, promoting the release of ACTH into the bloodstream that acts on the adrenal gland. As a 

result, the adrenal cortex releases two major types of steroid hormones: glucocorticoids (GC), where 

cortisol is included; and mineralocorticoids (MC). Briefly, GC are, amongst other actions, involved in the 

metabolization of proteins and fats, which will be reflected in the increased blood glucose. Besides 

increasing the body's energy levels, GC are also responsible for suppressing the immune system. In 

parallel, MC cause the retention of water and sodium molecules by the kidneys, also contributing to 

increased blood volume and pressure (Hall et al., 2015).  

The brain expresses both glucocorticoids receptors (GR) and mineralocorticoids receptors (MR), namely 

in different limbic structures (Sousa et al., 2008). Importantly, it is suggested that MC are involved in 

stimuli perception and evaluation, linking hippocampal MR to the onset of the stress response (Raabe 

and Spengler, 2013). On the other hand, GC entails the normalization of the adaptive stress responses 

(playing an active role in fear learning and memory encoding), being responsible for shutting down the 

stress reaction. Indeed, high levels of GR are seen in the PVN and anterior pituitary, which corroborate 

the negative feedback hypothesis (de Kloet et al., 2005; Raabe and Spengler, 2013).  

Importantly, the hippocampus, the amygdala, and the PFC present both GR and MR receptors, which, in 

case of dysregulation, can compromise the adequate balance of activity of the HPA axis (Sousa, 2016; 

van Ast et al., 2013). For example, under the persistent exposure to stress, changes in the hippocampal 

GC receptor’s sensitivity can damage the HPA negative feedback mechanism and ultimately result in the 

development of neuropsychiatric disorders as affective diseases (Finsterwald and Alberini, 2014; Hall et 

al., 2015; McEwen et al., 2015; Merkulov et al., 2017). A note to highlight that CRH neurons on the 

amygdala indirectly potentiate the stress response (with the central amygdala projections to the locus 

coeruleus causing an increase of norepinephrine, which will, in turn, trigger the stimulation of the CHR 

PVN neurons) (de Kloet et al., 2005; Pêgo et al., 2009; Plotsky et al., 1989; Raabe and Spengler, 2013).   
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2.3. How Stress impacts the Brain  

The pathophysiology repercussions of stress in the brain differ significantly under the influence of different 

elements such as the stressor type and intensity, and individual's susceptibility (Lee and Sawa, 2014; 

Sousa, 2016). Interestingly, due to brain neuroplasticity (and its ability to adapt structurally and 

functionally), many of the abnormalities caused by stress are reversible (Lee and Sawa, 2014; Soares et 

al., 2012; Weaver et al., 2006). Nevertheless, regardless of the possibility of recovery, acute and chronic 

stress impact brain structure and function, contributing to the emergence of neuropsychological diseases 

such as post-traumatic stress disorder (Brewin et al., 2000; Bryant, 2019; Davidson et al., 1991), anxiety 

(Melchior et al., 2007; Pêgo et al., 2009; Shin and Liberzon, 2010), major depression (Hammen, 2005; 

Kendler et al., 1999; Melchior et al., 2007; Welberg, 2014), bipolar disorder (Carvalho et al., 2020; Kim 

et al., 2007) or schizophrenia (Betensky et al., 2008; Gispen-de Wied, 2000; Walker et al., 2008). 

Notably, even sharing the same precursor, these pathologies present distinct characteristics (Kaul et al., 

2021), with no specific illness or neurological sign being solely attributed as the result of stress exposure. 

Indeed, depending on several factors, GC and neurotransmitters can cause dendritic and synaptic density 

reduction or increase in distinct brain region targets (McEwen et al., 2015; Novais et al., 2017; Oliveira 

et al., 2012; Sharp, 2017). Here, we will briefly review the role of three limbic structures that are of 

extreme relevance for the stress response. 

The amygdala has a vital role in the alarm system, being responsible for focusing attention on new stimuli 

and activating stress hormones. It is involved in the different behavioral, autonomic, and neuroendocrine 

processes, causing anxiety, triggering fear, and unleashing aggressiveness (Ventura-Silva et al., 2020; 

Zhang et al., 2021). Importantly, the amygdala has excitatory but also inhibitory effects in response to 

acute stimuli, which are, among other factors, dependent on the projections that are being stimulated 

(Zhang et al., 2021). Indeed, it is thought that the information initially reaches the lateral and the 

basolateral amygdala, following to the central amygdala (CeA), which will initiate the response on the 

effector systems (Sharp, 2017). As a consequence of the different interactions, there are reports of 

increases in dendritic density in the basolateral amygdala (BLA) in the face of acute stress, or increases 

in dendritic density and spinogenesis in response to chronic stress (Mitra et al., 2005; Radley et al., 

2015; Zhang et al., 2021). Contrarily to other structures, the structural and functional changes in the 

amygdala are maintained after the cessation of stress (at least in the short term). This characteristic is 

responsible for the subject adaptation and learning (e.g., creation of aversive memories of harmful 

stimuli); however, in the long-term, it can lead to maladaptive states of anxiety and hypervigilance, which 
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can result in disease development (Farrell et al., 2013; Lucassen et al., 2014; Pêgo et al., 2009; Sousa, 

2016). In short, the amygdala contributes to the affective and emotional aspects of cognition during the 

stress response (Lucassen et al., 2014; McEwen et al., 2015; Pêgo et al., 2009; Sousa, 2016). 

The hippocampus is largely associated with the encoding and retrieving of spatial and episodic memories. 

Due to the high GR concentrations, this region helps in the inhibition of the stress response and restoration 

of GC levels. In prolonged stress situations, however, the high levels of GC can cause hippocampal 

dysfunction, which leads to the liberation of the HPA activation (Lucassen et al., 2014; Reser, 2016; 

Sousa, 2016; Sousa et al., 2008). Furthermore, morphological changes are also noted, particularly with 

the atrophy of the dorsal CA3 and CA1 components and increases in ventral regions (Pinto et al., 2015). 

The structural and functional changes in the hippocampus are usually reversible. Nonetheless, it is 

speculated that after recovery, the basal reactivity of the subject to stressors is altered, in part due to the 

genetic modulation that occurs as a consequence of the prolonged (or intense acute) stress (Joss et al., 

2020; Lucassen et al., 2014; Sousa, 2016).   

The PFC is a major responsible for higher cognitive functions, including cognitive and emotional 

regulation, behavioral flexibility, working memory, and decision-making. Of relevance, it modulates the 

amygdala and hippocampal activity, performing a mediating role in stressful situations (Cerqueira et al., 

2008). Indeed, due to extensive connections between PFC and both cortical and subcortical regions, the 

brain usually follows a PFC top-down control. However, under situations of uncontrollable stress, the PFC 

connections become weakened, and the top-down control mechanism is lost. As a consequence, 

impairments in cognitive functions are noted, such as decreased self-regulation and inhibitory control, 

difficulty in concentrating, decreased empathy and optimist, as well as heightened alertness (Arnsten and 

Shanafelt, 2021; Cerqueira et al., 2008; Dias-Ferreira et al., 2009; Morgado et al., 2015). Regarding 

morphology, the improved alertness in the face of potential new stressors is associated with the dendritic 

expansion in the orbitofrontal cortex (OFC). On the other hand, cognitive impairments relate to dendritic 

atrophy and loss in other components (e.g., cingulate cortex) of the PFC (Lucassen et al., 2014; McEwen 

et al., 2016; Reser, 2016; Sousa, 2016).  
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3. Measures for quantifying Stress 

As previously referred, different threats can induce stress (Selye, 1998). Of relevance, there are different 

types, categorizations, and measures of stressors (Crosswell and Lockwood, 2020; Iqbal et al., 2021). 

Importantly, there are two main ways of measuring (and classifying) stress: 1) through the physiological 

body response (e.g., hormonal measurements) or; 2) by considering the individual self-perception of the 

stressor (e.g., self-administered questionnaires).  

The body’s physiological response is usually measured through cortisol, the “primary stress hormone”. 

From non-invasive approaches such as salivary or urinary cortisol to more invasive procedures, such as 

blood collection (Nicolson, 2008), the main drawback common to all these techniques relies on the 

momentary dimension of the measurement. Indeed, it is true that external stressors promote the release 

of GC. However, due to the circadian and the ultradian cycles (for instance), the GC secretion oscillates 

over the day regardless of external stresses (Kassi and Chrousos, 2013), which may justify the difficulty 

in establishing reliable links between cortisol and psychosocial stressors (Chida and Steptoe, 2009; 

Halford et al., 2012; Iqbal et al., 2021). Importantly, these cortisol measurements reflect a particular 

moment in time (with the exception of hair cortisol, which poses other challenges), being the reflex of an 

acute endocrine response.  

On the other hand, subjective instruments rely on the individual perception of the stressor and not on an 

objective quantification of stress itself. Contrasting with the Depression Anxiety Stress Scales (DASS), 

which is more focused on physical symptomatology (Lovibond and Lovibond, 1995; Pais-Ribeiro et al., 

2014), the Perceived Stress Scale (PSS) is centered on the individual’s feelings as well as on the way 

stress is integrated by the subject (Cohen et al., 1983; Trigo et al., 2010). As of great interest for this 

Thesis, the PSS is a reliable instrument largely used to assess chronic psychosocial stress both in clinical 

and healthy adult populations (Cohen et al., 1983; Fliege et al., 2005; Lee, 2012; Liston et al., 2009; 

Soares et al., 2012; Trigo et al., 2010). Instead of focusing on a particular life event, this questionnaire 

determines how frequently people felt stressed, overburdened, or out of control in the previous month 

(which can be considered as a prolonged/chronic exposure). Therefore, the PSS is sensitive to the 

absence of events, ordinary daily living, concerns regarding friends and relatives, and anticipation about 

future events (Cohen, 1988). The scale is available in 14-item, 10-item, and 4-item forms (10 and 4 are 

subsets of the 14) with each item rated on a 5-point frequency scale (Likert), ranging from ‘‘never” (0) to 

‘‘very often” (4) (Ezzati et al., 2014). Importantly, PSS has emerged as one of the most widely used ways 
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of measuring psychological stress in health research (Sharp et al., 2007, p. 2007), with the 10-item 

Perceived Stress Scale (PSS10) being the most used and recommendable version (particularly in older 

adults cohorts) (Ezzati et al., 2014; Lee, 2012). In this version, the total score is obtained by reversing 

the scoring of 4 positive items and then summing across all 10 items, with higher scores indicating higher 

perceived stress (maximum of 40). The Portuguese version of the PSS10 was validated by Trigo and 

colleagues (Trigo et al., 2010). They established that scores above the 80th percentile are indicators of 

pathology (with cut-off values indicating pathology defined as 20 for males and 22 for females). 

As referred by Crosswell and Lockwood, researchers should ascertain the sort of stress response that is 

most relevant to their research question and determine the method for stress quantification accordingly 

(Crosswell and Lockwood, 2020). Herein, we are focused on the physiological impact that chronic stress 

has on brain morphology and function, for which the way how stress is perceived by the individual is of 

greatest interest.  

 

4. Magnetic Resonance Imaging 

As a way of understanding stress effects on the brain, different works at molecular, cellular, and network 

levels have been conducted in the past (Cerqueira et al., 2007; Magalhães et al., 2018; Popoli et al., 

2012; Sousa et al., 2000; Yuen et al., 2012). Notably, the development of MRI techniques (Dill, 2008; 

Geva, 2006; Liang and Lauterbur, 2000) boosted the research on brain pathophysiology by allowing the 

non-invasive and longitudinal collection of information on the stressed brain (Koenig et al., 2011; Kogler 

et al., 2015; Lucassen et al., 2006; Magalhães et al., 2019; Novais et al., 2017; Soares et al., 2017; 

Sousa, 2016). Also of relevance is the introduction of novel neuroimaging processing techniques, which 

have nowadays a vital role in expanding our ways to understand the processes (and their dynamics) at 

the whole-brain level (Cabral et al., 2017; Esteban et al., 2018; Lv et al., 2018; Soares et al., 2016). 

4.1. MRI acquisition 

The MRI technique takes advantage of the body's magnetic properties to produce 3-Dimensional (3D) 

images (Berger, 2002). Depending on the protocol established, which is defined according to the 

information that is pretended to be collected, an MRI scanner can perform different types of acquisitions 

(Yousaf et al., 2018). Of relevance for this Thesis, the structural T1-weighted (T1w) acquisitions are 
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commonly used to evaluate brain morphology (Yousaf et al., 2018) and the functional MRI (fMRI) to 

explore the spatio-temporal brain dynamics (Sutton et al., 2009). Whereas T1w images are created 

directly through the signal obtained with the T1 contrast (resulted from differences in tissue properties), 

fMRI acquisitions use (mainly) the blood oxygen level-dependent (BOLD) contrast to obtain an indirect 

quantification of brain activity. Shortly, when a brain region is active, an increase of the oxygenated blood 

supply in that region occurs, causing differences in the oxyhemoglobin and deoxyhemoglobin levels 

responsible for the BOLD signal creation (Sutton et al., 2009). Notably, this technique can be used when 

a subject is performing a task or at rest. The latter situation is usually known as resting-state fMRI (rs-

fMRI). 

4.2. Data preprocessing 

After the MRI acquisition, it is necessary to extract the raw data from the scanner and prepare it for 

statistical analysis. This intermediate process is called preprocessing, and it is, indeed, one of the most 

important stages in neuroimaging research. The preprocessing pipeline depends on the MRI image type. 

Importantly, it aims to improve image quality and is mandatory to compare results across studies (Yousaf 

et al., 2018). 

The common pipeline for structural images is initiated by brain extraction (also known as skullstripping). 

Then, the brain image is segmented into cerebrospinal fluid (CSF), gray matter (GM), and white matter 

(WM) tissues. After the segmentation, the images are normalized to standard space (e.g., MNI space), 

and finally, it is applied spatial filtering (Yuan et al., 2018). Herein, it should be noted that the 

standardization for a common space is what allows us to compare results across different studies and 

acquisitions, including data from different scanners even if they have distinct magnetic fields (e.g., 1.5T 

and 3T) (Yousaf et al., 2018).    

The fMRI preprocessing includes several more steps than the preprocessing of a structural image. Indeed, 

it should be noticed that a structural image consists of a single acquisition (1 volume), whereas a 

functional series is composed of several repeated acquisitions (a series of volumes). More importantly, 

the structural acquisition has a higher spatial resolution, whereas in fMRI, the spatial resolution is lost on 

behalf of the temporal resolution. Therewith, it is common to use a structural image on the preprocessing 

of fMRI data (Sutton et al., 2009; Yousaf et al., 2018).  



 

12 

Regarding the fMRI pipeline itself, it is composed of several images and signal processing algorithms in 

order to increase the signal-to-noise ratio as well as to remove artifacts. Besides the normalization for 

standard space, most of the pipelines include slice-timing correction (correcting for the acquisition times 

between slices), motion correction (re-alignment of images across the section to minimize distortions 

caused by subject’s movement), spatial smoothing (smoothing the neighboring data points to remove 

potential artifacts and increasing the signal-to-noise ratio), mean intensity adjustment (which normalizes 

signal drifts over time) and temporal filtering (removal of low-frequency drifts over time, as well as 

unwanted components of a time series) (Jenkinson and Smith, 2006; Soares et al., 2016).  

As noted in a guide produced in our laboratory, there are several tools available for preprocessing (Soares 

et al., 2016). Importantly, it is usual the customization of ad hoc preprocessing pipelines for each dataset, 

or even the adjustment of some parameters individually. If by one side, the customization allowed 

researchers to improve image quality, on the other hand, it was also noted an escalated complexity in the 

conductance of preprocessing steps. With this in mind, a group of investigators developed the fMRIPrep, 

a software known for its ability to preprocess MRI data in an almost independent way, ensuring highly 

robustness and reproducibility (Esteban et al., 2018). Although its ability to run without manual 

intervention (automatic adaptation of the pipeline internally), fMRIPrep also allows users to visually inspect 

data at several stages of the preprocessing pipeline. In sum, this recent, freely available, and easy-to-use 

preprocessing tool is a valuable resource for neuroscience and neuroimaging communities (Esteban et 

al., 2018).  

4.3. Structural Analysis 

The link between brain morphology and disease has been known for a long. Indeed, this relationship has 

driven the development of (currently archaic) methods to study brain volume in the past (Harper et al., 

1984). With the discovery of the MRI technique, and considering its non-invasive advantages, the 

structural analysis, and particularly of the gray matter volume (GMV) estimation, became one of the most 

widely used methods in neuroimaging research (Giuliani et al., 2005; Mills and Tamnes, 2014; Seyedi et 

al., 2020). Of interest to this Thesis, there are two main approaches to compute GM volumes: 1) the 

voxel-based morphometry (VBM) and; 2) the region-of-interest (ROI).  

Introduced by Ashburner and Friston, the VBM method uses a voxel-wise estimation to detect changes in 

GM concentrations (Ashburner and Friston, 2000). Thus, after the segmentation (GM images), 
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normalization (to the standard space), and smoothing (to increase the signal-to-noise ratio), the 

preprocessed MRI images are used to perform the statistical analysis, in which both parametric (e.g., 

general linear model), or nonparametric (e.g., randomise) tests can be applied (Ashburner and Friston, 

2000; Nichols and Holmes, 2002; Rorden et al., 2007). Importantly, it is usually conducted across the 

whole-brain (WB), with results in the form of a 3D statistical map. Using tools from the FMRIB Software 

Library (Smith et al., 2004) together with an optimized VBM protocol (Good et al., 2001), the FSL-VBM 

(Douaud et al., 2007) technique is nowadays widely employed.    

The ROI method is used to compute the volume of specific pre-defined brain regions from probabilistic 

brain atlases (Seyedi et al., 2020). This means that in ROI analysis, individual anatomical templates are 

created while retaining quantitative inter-subject variability (Mazziotta et al., 1995; Seyedi et al., 2020). 

Allowing the reconstruction of cortical surfaces and segmentation of subcortical structures, the FreeSurfer 

(Fischl, 2012) software is often used to conduct ROI analysis. Contrarily to the VBM-FSL method, 

FreeSurfer returns the individual volume quantification for each region (and subject), in which statistical 

analysis can be then applied.      

4.4. Functional Analysis  

Due to their ability to provide information on how the brain operates, fMRI analyses are also quite popular 

among researchers and clinicians (Soares et al., 2016). Notably, it has been shown that resting-state 

oscillations (low frequencies) are linked to spontaneous neuronal activity (Biswal et al., 1995), which 

triggered the interest in this type of analysis (Lv et al., 2018). 

There are numerous ways to analyze functional data (e.g., synchronization or spontaneous activation of 

resting-state networks [RSN]) (Lv et al., 2018; Soares et al., 2016). Pertinent to this Thesis, functional 

analysis is classified into two types: static or dynamic. Static analyses have an interesting spatial 

resolution but no temporal definition (i.e., they return a single value independently of sequences’ size). 

On the other hand, dynamic analyses can provide spatiotemporal information (although generally with 

lower spatial resolution) by identifying patterns of spontaneous brain activity fluctuations (Bassett and 

Sporns, 2017; Biswal et al., 1995; Menon and Krishnamurthy, 2019). 

A well-known static analysis method is seed-based connectivity. Herein, a specific region (which is thought 

to be important at a functional level) is chosen as ROI, and the connectivity with other ROIs or with all the 

other voxels of the brain (whole-brain voxel-based connectivity) is computed. Importantly, for each pair of 
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brain regions analyzed, only one measure is obtained, indicating, on average, how these brain regions 

were synchronized (Lv et al., 2018; Soares et al., 2016). 

Notably, in the last years, neuroscience research has been prompted by the emergence of dynamic 

algorithms with an exceptional ability to provide new insights into brain functioning, both in health and in 

disease conditions (Alonso Martínez et al., 2020; Bassett and Sporns, 2017; Figueroa et al., 2019). Of 

relevance, the Leading Eigenvector Dynamics Analysis (LEiDA) (Alonso Martínez et al., 2020; Figueroa et 

al., 2019; Larabi et al., 2020), which detects recurrent phase-locking patterns of a population, and 

distinguished which patters associate with variables of interest in a data-driven approach (Cabral et al., 

2017; Magalhães et al., 2021; Vohryzek et al., 2020). 

 

5. Neuroimaging studies in non-pathological cohorts 

Considering that one of the main goals of this Thesis is to better understand the impact of chronic stress 

on brain morphology and function, as well as the particular importance of PSS10 as a measure of 

perceived chronic stress exposure (Iqbal et al., 2021; Trigo et al., 2010), we decided to review a priori 

the existent literature in the field by conducting a systematic research across the ISI Web of Knowledge, 

PubMed and Scopus databases (we kept this task open throughout the duration of Thesis and the last 

research date was 2/11/2021; see Appendix B - Ongoing Work for details). Briefly, neuroimaging studies 

that evaluate the stress impact on the healthy brain were included: 1) if the stress was assessed through 

PSS10 (prolonged stress); 2) if considering young adult or older populations (i. e., 18+ years) and; 3) and 

if a volumetric or resting-state functional (rs-fMRI) analysis was conducted. Both regressive analyses and 

between-group comparisons were considered, as well as cross-sectional and longitudinal studies. The 

overview of studies that fulfilled the criteria is presented in Table 1. 
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Table 1. Findings from Structural and Resting-State Imaging Studies of the 10-item Perceived Stress Scale questionnaire. (See abbreviations list in page ix). Table 1. Findings from Structural and Resting-State Imaging Studies of the 10-item Perceived Stress Scale questionnaire. (See the list of abbreviations in page ix). 

Type of study Study N (Females) Age (SD) PSS (SD/*SE) Methods Findings in structural and rs-fMRI 

Structural cross-
sectional 

(Li et al., 2014) 304 (166) 19.2 (1.24) 23.10 (6.48*) WB GMV and WMV (VBM) ↑PSS: ↑GMV L/R Parahippocampal G, FC, Entorhinal C; ↓GMV R Insular C; ↓WMV Corpus Callosum 
(Sherman et al., 

2016) 
40 (27) 67.2 (5.1) 9.53 (5.2) Amy GMV (ROI) ↑PSS ↑Amy (total and L/R) 

(Moreno et al., 
2017) 

28 (14) 78.41 (4.1) 13.1 (5.1) 
PFC, OFC, Hip, Amy GMV 

and WMV (ROI) 
↑PSS: ↓Overal R/L PFC; ↓L/R WM in PFC, vlPFC, dlPFC; ↓L WM vmPFC; ↓R WM OFC; ↓L/R GM 
vlPFC 

(Wu et al., 2020) 26 (13) 36.74 (5.23) 23.38 (8.84) WB GMV (VBM) 
PSS x Age interaction in insula, OFC and L Amy 
↑PSS ↓OFC, insula, L Amy in adults 

Structural 
longitudinal 

(Hölzel et al., 
2010) 

26 (15) 35.2 (6.7) 
Pre: 20.7 (5.6) 
Pos: 15.2 (4.7) 

WB GMV (VBM) ↓ PSS ↓ R Amy 

(Soares et al., 
2012) 

Case: 12 (6) 
Control: 12 (6) 

Case: 23.9 (0.70) 
Control: 23.6 (2.11) 

Case Pre > Case Pos 
 Case Pre > Control 
Case Pos ≈ Control 

Corticostriatal GMV (ROI) 
Case Pre vs Controls: ↑PSS ↓ R Caudate ↑L/R Putamen ↓L medial OFC; ↑ Caudate-to-putamen 
ratio in controls 
Case Pre vs Case Pos: ↓PSS caused recovery of Caudate, Putamen and OFC 

(Joss et al., 2020) 21 (16)  26.05 (2.25)  
Pre: 22.421 (8.375) 
Pos: 16.895 (8.055) 

Hip GMV (VBM) ↓ PSS ↑L Hip 

(Joss et al., 2021) 15 (12) 26.27 (0.47) 
Pre: 19.7 (2.91) 
Pos: 12.5 (2.91) 

Amy GMV (VBM) ↓ PSS ↑L Amy 

Structural and 
Functional 

(Soares et al., 
2013a) 

Case: 8 (6) 
Control: 8 (6) 

Case: 23.86 (0.35) 
Control: 24.25 (1.98) 

Case > Control 
rs-networks ICA 

rs-networks GMV (ROI) 

↑ rs-networks FC Case vs Controls (↑PSS) in: DMN: mPFC, medial OFC, pCC and precuneus; 
DAN: S parietal, R middle occipital and L medial and SF; VAN: L angular, S parietal and middle F; 
SMN: L paracentral lobule, precentral, R postcentral and the L cerebellum; VN: Calcarine 
↓rs-networks GMV Case vs Controls (↑PSS) in: DMN: L pCC, L/R parietal I 

(Soares et al., 
2013b) 

Case: 6 (3) 
Control: 6 (3) 

Case: 23.83 (0.37) 
Control: 24.33 (1.24) 

Case Pre: 35.50 (2.59) 
Case Pos: 30.00 (3.03) 
Control: 30.17 (4.49) 

rs-networks ICA 
rs-networks GMV (ROI) 

↓ DMN GMV (L pCC and R Parietal I) in Case Pre vs Controls (↑PSS) 
↑ rs-networks FC Case Pre vs Case Pos (↑PSS) in: DMN: L aCC, L medial OFC, R precuneus, 
L Lingual; VAN: L I/S Parietal, R middle and S F; Sensorimotor: L Cerebellum 
↓ rs-networks FC Case Pre vs Case Pos (↑PSS) in: DAN: R I Parietal, R Supramarginal, R FI 
opercularis, R Precentral; AN: L Temporal S 
≈ PSS but ↑ rs-network FC Case Pos  vs Controls in: DAN: L Occipital S, L Parietal S, R 
Parietal S, R Postcentral, L middle and S F,  L/R F I opercularis, L/R Precentral; VAN: L Parietal I, 
L/R Angular; Sensorimotor: L/R Precentral, L Paracentral, R Postcentral, L/R Cerebellum 
≈ PSS but ↓ rs-network FC Pos < Controls in: DMN: R ACC; VAN: L/R Parietal I, L Angular, L/R 
F middle, L F I Triangularis 

(Soares et al., 
2017) 

104 (52) 65.20 (8.07) 21.49 (8.18) 
DMN ICA 

DMN GMV (ROI) 
↑PSS (trend for ↓ DMN GMV) ↑DMN FC in L FSG and medial OFC, middle CG, occipital middle G; 
and in R middle FG, posterior CC and precuneus 

Functional 

(Taren et al., 
2015) 

130 (59) 40.15 (6.14) 13.3 (6.1) Amy seed-based FC 
↑PSS: ↑FC R Amy - R subgenual ACC; ↑FC L Amy: L subgenual ACC, L parahippocampal G, R S 
Temporal, L Insula, R Perigenual A Cingulum 

(Archer et al., 
2018) 

26 (22) 
M: 45.04 (13.25) 
F: 48.81 (15.21) 

M: 11.37 (5.68) 
F: 12.59 (6.04) 

Amy, Hip and ACC seed-
based FC 

↑ PSS rs-fMRI in Females: ↑ FC in L ACC - L/R MCG and in  R ACC - L/R MCG; ↓ FC in L Hip - 
L/R Precuneus and in R Hip - L ITG/MTG/FG 
↑ PSS-FC association in F>M in: L Amy - R Paracentral Lobule and L Hip - L MFG 
↑ PSS-FC association in M>F in: L /R ACC - L Cerebellum Lobule VIIIA 

(Wu et al., 2018) 
Young adults: 22 (9) 

 Adults: 21 (9) 
Young adults: 19.55 (0.43) 

Adults: 35.21 (4.19) 
Young adults: 23.14 (6.18) 

Adults: 21.24 (7.84) 
Amy seed-based FC 

PSS x Age interaction in R Amy FC with subgenual ACC and vmPFC: 
Young adults: ↑PSS ↓R Amy-vmPFC FC (trend ↓R Amy- subgenual ACC FC) 
Adults: no significant correlations were found 

(McDermott et al., 
2019) 

22 (14) 71.2 (9.61) 9.7 (6.6) Hip seed-based FC ↓PSS ↑ FC L Hip - L Parietal Lobe 
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One of the first pieces of evidence of a possible association between stress perception and brain structure 

comes from the volumetric longitudinal study of Hölzel et al. (Hölzel et al., 2010). To investigate this 

association, a group of healthy, otherwise stressed, adults were invited to participate in an 8-week 

mindfulness-based stress reduction intervention. Interestingly, following a WB VBM approach, Hölzel and 

colleagues have shown that reductions in PSS positively correlated with volumetric decreases in the right 

basolateral amygdala. Following this, Soares et al. have decided to explore the interaction between 

corticostriatal regions and psychological stress (Soares et al., 2012). For that, a small group of medical 

students and matched controls were assessed respectively after preparing for the residence selection 

exam and under normal academic activities. Between-group comparisons revealed that increased levels 

of PSS matched with a medial PFC and caudate atrophy, and with putamen increases. More importantly, 

stressed participants were re-evaluated after a stress-free period of 6 weeks, in which almost a full 

(morphological) recovery was observed (Soares et al., 2012). 

Following a similar case-control and longitudinal cohort study methodology, our lab has also explored the 

interaction of perceived stress with RSNs (Soares et al., 2013a, 2013b). In the case-control condition, 

increased activity in the anterior components of the default mode network (DMN) was observed in 

stressed participants, which suggests an enhanced interaction between emotional processing and 

cognitive functions (Soares et al., 2013a). Furthermore, when compared to themselves immediately after 

stress, partial functional recovery was observed in the DMN, ventral attention network (VAN), and 

sensorimotor network (SMN), which was not seen in the dorsal attention network (DAN) and primary 

visual network (VN) (Soares et al., 2013b). In sum, findings show that stress affects the activation-

deactivation pattern of RSNs, which may help explain the stress-induced alterations observed on the 

multiple dimensions of brain functioning (Soares et al., 2013a, 2013b).  

Among all the studies found, the work of Li et al. is the one with the largest sample size (Li et al., 2014). 

Using a cohort of 304 students, the authors show that higher PSS scores were related to GM increases 

in the bilateral parahippocampal gyrus, fusiform cortex (FC), and entorhinal cortex, as well as decreases 

in the right insular cortex. Besides that, higher PSS scores were also associated with lower WM in the 

corpus callosum body. Although with a much smaller sample size (N = 28), the research of Moreno et 

al. was the only one following the same methodology, looking both at GM and WM volumes (Moreno et 

al., 2017). Results have shown a clear link between PFC volume and perceived stress levels, with 

increases in PSS being associated with decreases in WM (and no significant GM changes being reported). 
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If by one side, making a direct relationship with Li’s study (Li et al., 2014) is impossible due to the use 

of an elderly cohort, on the other hand, Moreno’s research significantly contributed to the literature 

regarding stress and healthy aging. In truth, a previous study from our lab has focused on non-

pathological aging research involving a cohort of 104 older adults (Soares et al., 2017). In line with 

previous results, our group saw associations regarding DMN deactivation and perceived stress, which 

highlighted the strong interactions of stress and mood during the aging process (Soares et al., 2017).  

Interestingly, other functional studies were focused directly on the role of the amygdala and hippocampus 

by conducting seed-based connectivity analysis in these key regions of the stress response (Archer et al., 

2018; McDermott et al., 2019; Taren et al., 2015; Wu et al., 2018). Herein, a negative interaction 

between stress perception and hippocampal functional connectivity seems to be replicated (Archer et al., 

2018; Taren et al., 2015). However, on the other hand, discrepancies were also observed, with some 

studies showing positive associations between perceived stress and amygdala connectivity (Taren et al., 

2015), as well as negative or inexistent associations (Archer et al., 2018; Wu et al., 2018).  

Notably, recent morphological studies in these key regions (Joss et al., 2021, 2020) also show 

inconsistencies with the previous literature. In fact, in contrast to previous studies (Hölzel et al., 2010; 

Sherman et al., 2016; Wu et al., 2020), Joss and colleagues have demonstrated that reductions in the 

perception of stress were associated with increases both in the amygdala (Joss et al., 2021) and 

hippocampal (Joss et al., 2020) GM volumes.  

Altogether, studies in the literature demonstrated an inherent link between the way individuals perceive 

stress and the brain’s structure and functioning. However, the direction of these associations remains 

unclear, with observed discrepancies possibly resulting from the small sample size of non-pathological 

studies available. Thus, at the beginning of the Thesis, we thought of interest to conduct a more 

systematic neuroimaging study to unravel the impact of perceived stress in the structure and connectivity 

of the amygdala. 
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6. Objectives 

Despite the existence of some anatomical neuroimaging studies investigating the influence of perceived 

stress in non-pathological populations, there are significant discrepancies in the literature that may have 

been fostered by the small sample size of published works. With a reduced number and also lacking 

replicability, functional studies at resting-state are only focused on static connectivity metrics, missing 

the temporal resolution of dynamic analysis that is crucial in the study of stress repercussions at the 

network level. Therefore, this Thesis aims to provide new insights about the changes induced by stress 

on healthy brain structure and functioning but also to pursue the development of new in-vivo biomarkers 

of the stressed brain to be used in preventive mental interventions (Avvenuti et al., 2020; Kaul et al., 

2021). 

In order to accomplish the main aim of this Thesis, a combination of the most conservative morphological 

analysis and sophisticated dynamic algorithms were used in a large non-pathological cohort with a broad 

age range. 

The detailed tasks performed in this Thesis are presented below:  

1. Characterize the impact of perceived and physiological stress on the morphology of subcortical 

regions in a healthy cohort of young adults (Chapter 2); 

2. Explore the significant association found (in Chapter 2) throughout lifespan using a healthy 

cohort with a large age range (Chapter 3); 

3. Investigate the association of stress perception with altered brain resting-state connectivity using 

a seed-based analysis (drift from morphological results of Chapter 2 and 3), as well as a whole-

brain data-driven approach to detect altered patterns of dynamic connectivity (Chapter 4). 
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f Université Paris-Saclay, 91191, Gif-Sur-Yvette, France   

A R T I C L E  I N F O   

Keywords: 
Perceived stress 
Amygdala 
Voxel-based morphometry 
FreeSurfer 
Healthy subjects 

A B S T R A C T   

Stress is inevitably linked to life. It has many and complex facets. Notably, perception of stressful stimuli is an 
important factor when mounting stress responses and measuring its impact. Indeed, moved by the increasing 
number of stress-triggered pathologies, several groups drew on advanced neuroimaging techniques to explore 
stress effects on the brain. From that, several regions and circuits have been linked to stress, and a comprehensive 
integration of the distinct findings applied to common individuals is being pursued, but with conflicting results. 
Herein, we performed a volumetric regression analysis using participants’ perceived stress as a variable of in-
terest. Data shows that increased levels of perceived stress positively associate with the right amygdala and 
anterior hippocampal volumes.   

1. Introduction 

When facing a stressor, and depending on its type, duration, and 
individual vulnerability, a subject triggers a variable response that can 
be partially measured; however, it is important to note that, largely, 
stress is a subjective perception (Godoy et al., 2018; Novais et al., 2017). 
Indeed, stress, and the individual perception of stress, is a key factor in 
mental health. Either by the time pressure of a busy life, economic 
factors, professional questions (Everaerd et al., 2020), personal and 
social relationships, or individual susceptibility (Duman et al., 2016), 
stress has invaded our lives to become a common presence in modern 
society (Kalisch et al., 2017; Lucassen et al., 2014). In line with the 
increasing number of people with stress symptoms, several studies have 

shown an association between stress and neuropsychiatric conditions 
such as major depression disease (Hammen, 2005; Kendler et al., 1999; 
Melchior et al., 2007; Welberg, 2014), anxiety (Melchior et al., 2007), 
schizophrenia (Walker et al., 2008), bipolar (Kim et al., 2007) and 
posttraumatic stress disorder (Brewin et al., 2000). As a result, there has 
been a significant effort of the scientific community to build a map of 
brain regions impacted by stress (Sousa, 2016) as well as their functional 
consequences both in physiological and pathological conditions 
(Lucassen et al., 2014; Novais et al., 2017). Such effort has resulted in an 
impressive collection of data, but unfortunately with several discrep-
ancies. In terms of cortical volumetry, some studies showed reduced 
volumes of the prefrontal cortex (PFC), orbitofrontal cortex (OFC), 
anterior cingulate cortex (ACC), superior temporal gyrus (STG) and 
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insula (Ansell et al., 2012; Moreno et al., 2017; Savic et al., 2018), 
whereas others failed to find such volumetric differences in the same 
cortical regions or even found potential signs of the opposite (Merz et al., 
2019; Piccolo and Noble, 2018; Soares et al., 2012; Zhang et al., 2018). 
Interestingly, two opposite trends on the structure of subcortical regions 
implicated in the stress response are extensively reported in the litera-
ture and need to be revised. While some studies show, for example, 
volumetric increases in several subcortical brain regions, in particular 
the amygdala, (De Bellis et al., 2000; Henigsberg et al., 2019; Klaming 
et al., 2019; Kuo et al., 2012; Lucassen et al., 2014; Morey et al., 2016; 
Novais et al., 2017; Pinto et al., 2015; Schienle et al., 2011), others fail to 
reproduce these findings (Herringa et al., 2012; Karl et al., 2006; 
Kitayama et al., 2005; Koshiyama et al., 2018; Magalhães et al., 2018; 
Morey et al., 2012; Soares et al., 2012; Vriend et al., 2016; Zimmerman 
et al., 2016). 

A significant part of such conflicting findings derives from method-
ological approaches. On one hand, there are technical issues related to 
image processing. In fact, particular attention to preprocessing and 
analysis steps is required when conducting neuroimaging studies. For 
instance, Katuwal et al. demonstrated that brain volume estimates were 
dependent on the software chosen (SPM, FSL, and FreeSurfer), leading 
to differences upon between-group comparisons, with some results 
presenting opposite directions (Katuwal et al., 2016). Similarly, Grimm 
et al. have shown large differences upon amygdala and hippocampal 
volumes that were computed through manual segmentation, using 
FreeSurfer, and using VBM (implemented in SPM8), highlighting the 
disparities across methods (Grimm et al., 2015). On the other hand, 
there are important issues in study design. In fact, stress is not a ho-
mogenous concept and group comparisons always suffer from the 
intra-group variability in measurements (namely in endocrine mea-
surements). Interestingly, the 10-items Perceived Stress Scale instru-
ment (PSS10) has been well validated, both for healthy and pathological 
populations (Fliege et al., 2005; Trigo et al., 2010), with several studies 
showing its psychometric qualities on the individual quantification of 
perceived stress levels (Lee, 2012; Soares et al., 2012). Thus, taking into 
account that stress perception is a central element in the present study, 
we opted to use the PSS10. 

Herein, we have tackled such methodological issues by performing a 
study that explores the association of perceived stress scores using the 
PSS10 questionnaire and the volumes of subcortical brain regions 
determined with multiple techniques. By doing so, we avoid the bias of 
group classification and high variability between individuals in cortisol 
measurements, but also the bias of distinct software/pipelines for 
volumetric analysis. 

2. Material and methods 

2.1. Ethics statement 

The present study was conducted in accordance with the principles 
expressed in the Declaration of Helsinki (59th amendment) and 
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 ́etica para as ciências da vida e da 
saúde from University of Minho). The study aims were explained to all 
participants and all signed informed consent. 

2.2. Participants and study design 

The present study gathered 50 participants recruited at the School of 
Medicine, University of Minho, and at Faculty of Medicine, University of 
Porto. Primary exclusion criteria included inability to understand the 
informed consent or its non-acceptance, individual choice to withdraw 
from the study, incapacity and/or inability to attend the MRI session 
and/or diagnosed neuropsychiatric disorder or any other comorbidity of 
the central nervous system. 

Structural acquisitions from all participants were collected as well as 
the PSS10 questionnaire. This scale reports to the previous month and is 
a reliable and validated self-administered instrument largely used to 
assess chronic psychosocial stress both in clinical and healthy adult 
samples (Cohen et al., 1983; Fliege et al., 2005; Liston et al., 2009; 
Soares et al., 2012; Trigo et al., 2010). Additionally, before the MRI 
acquisition, half of the participants collected saliva samples for posterior 
analysis of cortisol, the primary stress hormone. 

To unveil associations between morphometry and psychological 
stress, a volumetric regression analysis with PSS10 scores as a variable of 
interest was conducted, using the FSL-VBM software (voxel-based 
method). As a complementary analysis, we also addressed our question 
using FreeSurfer (ROI-based analysis). 

To further explore the association between cortisol and morphom-
etry, we performed an additional volumetric regression using FreeSurfer 
software. 

2.3. Participants characterization and cortisol measurement 

The demographic, psychological and endocrine characterization of 
participants was made using SPSS version 23 (IBM, SPSS, Chicago, IL, 
USA). The normality assumption for each variable was tested and non- 
parametric tests used when the assumption not met. 

Due to the use of age and sex as covariates in all MRI analyses, a 
correlation between PSS10 scores/cortisol and age/sex was performed 
to disclose the existence of a possible association that could affect 
volumetric regression results. 

For cortisol measurement, saliva samples were collected in the 
morning, between 9 a.m. and 12 a.m., using Salivette collection devices 
(Sarstedt, Germany). The samples were stored at −22 ◦C until the bio-
logically active, free fraction of cortisol be analysed with an immuno-
assay (IBL, Hamburg). 

2.4. MRI data acquisition 

Imaging sessions were conducted at Hospital of Braga (Braga, 
Portugal) on a clinical approved Siemens Magnetom Avanto 1.5 T MRI 
scanner (Siemens Medical Solutions, Erlangen, Germany), using a 12- 
channel receive-only head coil. The imaging protocol consisted of a T1 
high-resolution anatomical sequence. The established clinical protocols 
for the 3D magnetization prepared rapid gradient echo (MPRAGE) were 
performed with a repetition time (TR) = 2.4/2.7 s, echo time (TE) =
3.62/2.73 ms, 160/176 sagittal slices with no gap, field-of-view (FoV) =
234/256 mm, flip angle (FA) = 7/8◦, in-plane resolution = 1.0/1.2 ×
1.0/1.2 mm2 and slice thickness = 1.0/1.2 mm. 

2.5. MRI data preprocessing 

Before any data processing, a certified neuro-radiologist visually 
inspected all acquisitions and confirmed that they were not affected by 
critical head motion and that the participants had no brain lesions or 
pathologies. Preprocessing was made using fMRIPrep version 1.4.1 
(Esteban et al., 2019) (RRID:SCR_016216), which is based on Nipype 
1.2.0 (Gorgolewski et al., 2011, 2017) (RRID:SCR_002502). 

Each anatomical T1-weighted (T1w) image was corrected for in-
tensity non-uniformity (INU) with N4BiasFieldCorrection (Tustison 
et al., 2010), distributed with ANTs 2.2.0 (Avants et al., 2008) (RRID: 
SCR_004757), and used as T1w-reference throughout the workflow. 
Then, the T1w-reference was skull-stripped with a Nipype imple-
mentation of the antsBrainExtraction.sh workflow (from ANTs), using 
OASIS30ANTs as target template and segmented into cerebrospinal fluid 
(CSF), white matter (WM), and gray matter (GM) using fast (Zhang et al., 
2001) (FSL 5.0.9, RRID:SCR_002823). The reconstruction of brain sur-
faces was made with recon-all (Dale et al., 1999) (FreeSurfer 6.0.1, RRID: 
SCR_001847), and the previously brain mask estimated was refined with 
a custom variation of the method to reconcile ANTs-derived and 
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FreeSurfer-derived segmentations of the cortical GM of Mindboggle 
(Klein et al., 2017) (RRID:SCR_002438). The images were non-linearly 
transformed into standard space ICBM 152 Nonlinear Asymmetrical 
template (Fonov et al., 2009) (version 2009c; RRID:SCR_008796; Tem-
plateFlow ID: MNI152NLin2009cAsym) with antsRegistration (ANTs 
2.2.0), using brain-extracted versions of both T1w reference and T1w 
template. 

2.6. FSL-VBM analysis 

The voxel-based morphometry analysis was performed using FSL- 
VBM (Douaud et al., 2007) (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki 
/FSLVBM) which is an optimized VBM protocol (Good et al., 2001) 
implemented through tools from the FMRIB Software Library (Smith 
et al., 2004) (FSL 5.0.9, www.fmrib.ox.ac.uk/fsl). The recommended 
analytical pipeline was followed, however, image skull-striping, seg-
mentation into tissue classes, and non-linearly transformation to stan-
dard space steps were not performed since they had already been 
computed during preprocessing. To create a left-right symmetric 
study-specific gray matter template, the standardized GM images ob-
tained with the fMRIPrep were averaged and flipped along the x-axis. In 
order to build an unbiased template, an equal number of images ac-
quired with each configuration was used (32 in total). At this stage, all 
native GM images were non-linearly registered to the study-specific 
template created and “modulated” to correct for local expansion 
and/or contraction due to the non-linear component of the spatial 
transformation. The Jacobian modulation does not include the affine 
part of the registration meaning that the images are already normalized 
for total cranial volume differences (corrections upon total cranial vol-
umes are only required when modulation includes the affine part (Good 
et al., 2002)). Then, the modulated GM images were smoothed using an 
isotropic Gaussian kernel with a sigma = 3 mm (corresponding to 
FWHM = 7 mm). Finally, considering PSS10 scores as a variable of in-
terest and sex, age, and MRI configuration, as between-subject cova-
riates, a voxelwise General Linear Model (GLM) was applied using 
non-parametric permutation-based testing (5000 permutations), with 
TFCE-based thresholding, upon a subcortical mask created according to 
FreeSurfer subcortical automatic segmentation (Fischl et al., 2002) 
(bilateral regions of the thalamus, caudate, putamen, pallidum, hippo-
campus, amygdala, and accumbens area). Correction for multiple com-
parisons across space were performed with a significance of 0.05, and, 
after visual inspection, statistically significant clusters obtained were 
reported also according to FreeSurfer labeling. The voxels with higher 
probability in each cluster were defined as peaks and the averaged 
probability over all the voxels in the cluster was considered for global 
cluster statistics. 

2.7. FreeSurfer ROI-based analysis 

The morphometry ROI-based analysis was conducted for each region 
individually. Firstly, subcortical volumes of participants were 
computed, and then, the statistical analysis upon those volumes was 
individually conducted. 

For volumes computation, the FreeSurfer derivatives of the fMRIPrep 
were used. The general FreeSurfer (Fischl, 2012) (http://surfer.nmr. 
mgh.harvard.edu) pipeline implements 31 processing steps, including 
motion correction, spatial normalization to Talairach standard space, 
intensity normalization, skull stripping, and segmentation of WM, 
cortical, and subcortical regions. In the fMRIPrep, the processing steps of 
the FreeSurfer pipeline are aggregated in 3 phases. Firstly, a subject T1w 
structural image is initialized and a basic reconstruction, excepting 
skull-stripping, is performed using the autorecon1 (first 5 preprocessing 
steps of recon-all (Dale et al., 1999) function, excluding step 5, the 
skull-stripping). Secondly, a brain mask that was previously computed 
in the fMRIPrep workflow (using antsBrainExtraction.sh) is directly 
injected into the appropriate FreeSurfer location, in place of the 

skull-stripping step that was not performed before. Herein, this external 
brain mask is also refined using the internal mask of the FreeSurfer’s 
aseg.mgz segmentation, reconciling ANTs-derived, and 
FreeSurfer-derived segmentation of the cortical GM of Mindboggle 
(Klein et al., 2017). Finally, the third phase resumes recon-all execution 
(autorecon2 and autorecon3), dividing all the remaining FreeSurfer steps 
into sub-stages, to use resources more efficiently. For the main purpose 
of this work only volumes resulting from the automatic subcortical 
segmentation (Fischl et al., 2002) were used (bilateral thalamus, 
caudate, putamen, pallidum, hippocampus, amygdala, and accumbens 
area). To best replicate the FSL-VBM analysis, all the volumes were 
corrected for individual GM, and multiplied by 100 to avoid a large 
number of decimal digits. 

For statistical analysis, multilinear regression models with each ROI 
volume as the dependent variable and PSS10 scores (or cortisol), age and 
sex as independent variables were established. The models were 
computed in MATLAB and the Bonferroni-Holm (1979) correction for 14 
multiple comparisons were used to calculate the corrected p-values. 
When two independent terms were statistically significant in the same 
model, the interaction effect between those terms was explored by 
including the interaction factor on the model. Additional analyses on the 
anterior (head) and posterior (body and tail) hippocampus were con-
ducted to explore the structural segregation of this region. For hippo-
campal segmentation, the FreeSurfer version 7.1.1 was used (Iglesias 
et al., 2015). 

Linear regressions and independent-samples t-test were used to 
further explore the statistical significance of independent terms of the 
multilinear models obtained. 

As exploratory analysis, the regression between cortical brain vol-
umes and PSS was also conducted. 

Finally, an independent sample t-test regarding the estimated total 
intracranial volume (eTIV), and a Mann-Whitney U test regarding GW, 
were made to confirm that no morphometry differences are caused due 
to the slight protocol disparities. 

3. Results 

3.1. Cohort characterization 

The demographic and psychological characterization of participants, 
as cortisol measurements, are presented in Table 1. No correlation was 
found between PSS10 scores and age/sex (r (50) = 0.091/0.077, p =
0.530/0.716), nor between cortisol measurements and age/sex (r (25) 
=−0.055/0.242, p = 0.789/0.243). Taking into consideration the usage 
of age and sex as covariates in MRI analysis, the absence of a significant 
correlation ensures that the effects of stress in the regression are not 
decreased or affected by the usage of covariate variables. 

Regarding the association between stress measurements, no corre-
lation was found between PSS10 scores and cortisol levels (r (25) =
0.107, p = 0.612). 

Descriptive statistics of subcortical volumes, GM, WM, and estimated 
total intracranial volume (eTIV) obtained through FreeSurfer are 

Table 1 
Demographic, psychological and endocrine characterization of participants.   

N Mean (±SD) 

DEMOGRAPHIC 
Age, years 50 24.30 ± 1.81 

Male 15 (30%)  
Female 35 (70%)  

PSYCHOLOGICAL 
PSS10 scores 50 26.2 ± 7.14 

ENDOCRINE 
Cortisol 25 0.32 ± 0.21 

Male 7 (28%)  
Female 18 (72%)   
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presented in supplementary Table A.1. When comparing results from 
both acquisition protocols, no differences were found in subjects’ eTIV (t 
(48) = 1.915, p = 0.061), nor in subjects’ GM (U = 359, p = 0.070). 

3.2. Volumetric regression with PSS10 

As shown in Fig. 1 and Table 2, when exploring the association be-
tween PSS10 and morphology through FSL-VBM, a positive statistically 
significant association within 3 clusters is observed. The largest, and the 
most significant, cluster is centered in the right amygdala (peak), 
including also part of the right anterior hippocampus and a small portion 
of the right putamen. In the left hemisphere, a more dispersed cluster 
essentially extends through the hippocampus (peak), also comprising a 
portion of the amygdala, was found. Finally, data reveals a very small 
cluster, composed of 3 voxels of right pallidum. In all cases, these brain 
regions displayed higher volumes in subjects with higher stress 
perception. 

Results from volumetric regression with perceived stress evaluated 
through FreeSurfer also show a statistically significant positive associ-
ation between PSS10 scores and the volume of the right amygdala. In 
Fig. 2, a representation of such association between stress perception 
and the size of the right amygdala is displayed, as well as the graphical 
representation of the significant model obtained, corrected for age and 
sex covariates. The positive associations between PSS10 and right pal-
lidum, right hippocampus, left amygdala and right accumbens area were 
noted, but did not survive to multiple comparison correction (See 
Table 2 for more information on these regions, and supplementary 
Table A.2 for a detailed description of all models obtained). 

When exploring the association between PSS scores and hippocam-
pal segregation, a statistically significant association was observed only 
in the anterior hippocampus (see Supplementary Table A.3 for details). 

The exploratory analysis across the cortical regions, revealed no 
statistically significant results. 

3.3. Volumetric regression with cortisol 

A multilinear model revealed a significant negative association be-
tween cortisol measurements and the left thalamus volumes. Moreover, 
a positive association with sex and left thalamus was also observed, 
which due to the covariate codification (females as 0 and males as 1), 
indicates that being a male positively contribute to having a bigger 

volume of left thalamus, and, in contrast, being a female contribute to 
having smaller left thalamus volume. (See supplementary Table A.4 for a 
description of all models obtained). When including in the model the 
interaction factor between cortisol and sex, no statistical significance for 
the interaction was observed (p = 0.3782), which indicates that there 
are no differences in the association of left thalamus volumes and 
cortisol levels between males and females. Further between-group 
analysis upon sex indicates that left thalamus volumes are higher in 
males (M = 1.23 ± 0.082) than in females (M = 1.15 ± 0.067), when 
controlling for cortisol levels and age (t (23) = 2.225, p = 0.034, d =
0.94). In Fig. A.1, graphical representations of the left thalamus model, 
considering cortisol/sex as the independent term and the corrected left 
thalamus volumes as to the dependent variable, are presented. 

A similar trait was observed in the right thalamus, not surviving to 
multiple comparisons. Importantly, no other subcortical region has 
shown significance for cortisol measurements. 

4. Discussion 

In the present study, we explore how psychosocial stress correlates 
with subcortical brain morphometry, using a cohort of healthy adults. 
Results show a positive association between perceived stress and 
subcortical regions, in particular, the right amygdala, linked to 
emotional processing. 

Exposure to stress is part of life. Importantly, each subject perceives 
stress differently. Assuming the concept of stress perception as a con-
tinuum (Selye, 1956), we describe here a positive association between 
stress perception and the volume of subcortical brain regions implicated 
in emotional processing. The predominant effect herein observed was in 
the right amygdala, with a similar tendency on the left hemisphere not 
surviving to multiple comparisons in FreeSurfer analysis. Importantly, 
besides the well-stated involvement of the amygdala in emotional pro-
cessing, and its role mediating stress-responses (LeDoux, 2000), studies 
have shown that amygdala neuroplasticity is associated with the sub-
ject’s psychological state (Taren et al., 2013). Indeed, the longitudinal 
VBM study of Hölzel et al. in a healthy, however, stressed cohort, 
revealed that after an effective stress-reduction intervention, the 
decrease in PSS levels matched with a reduction in the right basolateral 
amygdala gray matter density (Hölzel et al., 2010). 

Interestingly, and despite a similar trend, the present association 
seems to be stronger on the right hemisphere. Highlighting the right 

Fig. 1. Results from volumetric regression with PSS10 evaluated through FSL-VBM. A positive statistically significant association between PSS10 scores and two 
main subcortical clusters is observed. On the left, the biggest cluster is mainly composed of the right amygdala (peak), embracing part of the right hippocampus and a 
small portion of the right putamen. On the right, a smaller cluster is observed the in left hippocampus (peak) and left amygdala. Following the FSL-VBM pipeline, 
after brain extraction and segmentation, a study-specific GM template was created, upon which all GM images were registered. During this registration step, a 
compensation for the non-linear component of the transformation is introduced by the FSL-VBM protocol, which already adjusts for intracranial differences. 
Therefore, only age, sex, and MRI parameters were defined as covariates, and TFCE and FWE-R correction at a significance level α = 0.05 were used. 
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dominance on affective and emotional processes (namely on the stress 
response modulation), and its contrast to the left prominence on lan-
guage and motor functions (Cerqueira et al., 2008), studies have shown 
evidences of specific functional asymmetries. Particularly in the amyg-
dala, variations in the affective processing are point out as a rationale for 
the divergences observed (Hölzel et al., 2010; Lanteaume et al., 2007; 
Markowitsch, 1999). Here, the fast initial, and possibly automatic, 
response of the right amygdala to stimuli contrasts to a further 
discriminative evaluation of the stressor by the left amygdala (Hölzel 
et al., 2010). Indeed, a clinical study revealed that right amygdala 
stimulation triggered negative emotions and left amygdala stimulation 
induced both pleasant and unpleasant emotions (Lanteaume et al., 
2007). Interestingly, and in contrast, the recent study of Wu et al. has 
also shown a significant interaction effect of stress by age on a cluster 
extending to the left amygdala (Wu et al., 2020); indeed, post-hoc 
comparisons revealed a positive association with left amygdala vol-
umes in adolescents, with middle-aged adults presenting a negative 
correlation with PSS levels, which may justify the weaker effect 

observed on the left hemisphere. 
When focusing only on the hippocampus, our results contrast with 

the usual atrophy observed in stressed subjects (Cameron and Schoen-
feld, 2018; Gilbertson et al., 2002; Zimmerman et al., 2016). Yet, it is 
important to highlight the fact that there is a functional and a structural 
connectivity segregation between the anterior vs posterior hippocampus 
(Sousa, 2016) and also that previous studies assessing the impact of 
stress, namely in rodents have shown a clear volumetric differential 
response with atrophy in dorsal hippocampus and hypertrophy in the 
ventral component (more related to the anterior hippocampus in 
humans) (Pinto et al., 2015). Interestingly, our findings also show 
distinct profiles across hemispheres. On the right hemisphere, volu-
metric changes are noted on the anterior hippocampus, a region known 
for its role in mediating emotional and affective processes (Strange et al., 
2014). This is a novel finding, as in a similar study, Li et al. have shown a 
positive association not with the anterior hippocampus but, between the 
anterior parahippocampal gyrus and PSS (Li et al., 2014). Actually, this 
slight disparity upon results should be carefully interpreted, taking 

Table 2 
Results from the volumetric regression analysis with PSS10 evaluated through VBM and FreeSurfer. Positive statistically significant association within PSS10 scores 
and subcortical regions are observed for both methods. On the left, clusters resulted from the volumetric regression analysis with perceived stress scores on FSL-VBM 
and respective statistics. In the middle, brain region classification according to FreeSurfer subcortical segmentation (aseg.stats). On the right, significant results of 
FreeSurfer analysis, with all regions identified in VBM-FSL clusters represented independently of its significance, plus all regions with significance on FreeSurfer before 
correction for multiple comparisons.  

FSL-VBM Brain Region FreeSurfer 

Cluster 
index 

Cluster 
size 

Peak n voxels FSL-VBM 
cluster 

n voxels FreeSurfer 
ROI 

ROI 

t- 
value 

p(FWE- 
corr) 

coordinates (mm) p-value p(Bonf- 
corr) x y z 

1 310 4.39 0.007 20 −4 −12 157 54_R Amygdala 263 <0.001 <0.001        
138 53_R Hippocampus 658 0.021 0.248        
15 51_R Putamen 831 0.756 2.520 

2 116 3.95 0.029 −30 −22 −20 99 17_L Hippocampus 634 0.093 0.838        
17 18_L Amygdala 219 0.013 0.163 

3 3 3.15 0.049 20 −4 −6 3 52_R Pallidum 207 0.025 0.271        
– 58_R Accumbens- 

area 
83 0.033 0.326 

TFCE and FWE-R correction at a significance level of 0.05 for FSL-VBM analysis; Multilinear regression with Bonferroni-Holm correction for 14 comparisons in 
FreeSurfer analysis. ROI. Region of interest; R. right; L. left. 

Fig. 2. Results from volumetric regression with PSS10 evaluated through FreeSurfer. A positive statistically significant association between PSS10 scores and right 
amygdala was observed, after correction for multiple comparisons. On the left, a representation of the 54_R Amygdala cluster from FreeSurfer subcortical regions 
labelling. On the right, a graphical representation of the model with significance between PSS10 scores and right amygdala volumes corrected for GM, and age/sex 
covariates; the equation represents the correlation between the PSS10 scores and corrected right amygdala volumes, and not the global model per se. Brain volumes 
were computed using FreeSurfer subcortical output and corrected for individual GM to best replicate the VBM regression analysis. Multilinear regression models with 
ROI volumes as dependent variables and PSS10 scores, age, and sex as independent variables were established. The models were computed using the regstats function 
in MATLAB and the Bonferroni-Holm correction for 14 multiple comparisons was used to calculate the corrected p-values. Statistical significance was established for 
α = 0.05. 

I. Caetano et al.                                                                                                                                                                                                                                 



 

36 

 

Neurobiology of Stress 14 (2021) 100334

6

particular attention to the methodological differences between studies. 
Most importantly, a distinguished preprocessing pipeline and 
morphometry analysis (using SPM8; https://www.fil.ion.ucl.ac.uk 
/spm/software/spm8/), represent variables that if ignored could lead 
to a misinterpretation of results (Popescu et al., 2016). In fact, Rajago-
palan and Pioro have reported that analyses in distinct software (FSL, 
SPM, and FreeSurfer) lead to disparate VBM results, which enhances the 
importance of performing complementary analysis in the same study 
(Rajagopalan and Pioro, 2015). Indeed, the present study illustrates this 
fact, as the findings on the anterior hippocampus on the right, and 
posterior hippocampus on the left, are only observed with FSL-VBM 
analysis, but not with FreeSurfer. 

A final note to highlight the findings in the putamen and nucleus 
accumbens in our FSL-VBM, but not FreeSurfer, analysis. The putamen is 
involved in distinct brain functions - such as learning, cognitive func-
tioning, or reward (Ghandili and Munakomi, 2020) - previous reports 
from our group have already shown hypertrophy in sensorimotor cor-
ticostriatal circuits, which is accompanied by a shift to habit-behavior 
strategies (Soares et al., 2012). The nucleus accumbens gray matter in-
creases have been linked to anxiety (Kühn et al., 2011; Lee et al., 2020), 
being also identified as a biomarker for treatment-responders (Burk-
house et al., 2020). Nonetheless, the residual effect observed in all these 
regions, that were not confirmed in our FreeSurfer analysis, preclude 
any conclusion on relevant associations between the volumes of these 
brain regions and perceived stress scores. 

A considerable sex difference in sample size is a limitation in our 
study. However, we have tackled this limitation by doing corrections for 
sex through the use of a covariate in all the analyses. Another question 
that can be pointed out as a limitation in our study is the predominant 
use of PSS10, a subjective instrument that measures the individual 
perception of stress and not an objective quantification of stress itself. In 
fact, studies have struggled in showing consistent associations between 
cortisol and psychosocial stressors (Chida and Steptoe, 2009; Halford 
et al., 2012), contrasting to the well-established PSS instrument (Fliege 
et al., 2005; Soares et al., 2012; Trigo et al., 2010). Therefore, and 
bearing in mind that distress only exists when recognized by the subject 
(Goldstein and Kopin, 2007), we consider that this metric is of great 
physiological (and even clinical) relevance. Indeed, the current data 
confirms that the way subjects integrate stress is associated with brain 
morphometry, regardless of the true amount of exposure or kind of 
stressor. On the other hand, the additional analysis conducted on a 
subgroup of our participants endorses the fact that endocrine measures, 
namely cortisol, do not associate equally with the volume of subcortical 
brain regions. Our results show a negative association between cortisol 
and left thalamus volumes, which contrast to previous observations in 
an older cohort (Lau et al., 2017), and emphasizes the volumetric sex 
differences that have been previously reported by others (Koolschijn and 
Crone, 2013; Menzler et al., 2011). Indeed, using a single measurement 
of salivary cortisol, we are addressing an acute endocrine response that 
contrasts with the chronic, one-month evaluation of psychological stress 
measured by with PSS10 questionnaire. However, in future work, we do 
not exclude the possibility to combine psychological questionnaires with 
physiological measures, to further explore the relationship between 
perceived and objective stress measures, as suggested by Lee (2012). In 
fact, Lazarides et al. argue that the failure in demonstrating this link 
arises from limitations in measurements approaches and, most impor-
tantly, on the reliance of between-subject comparisons, rather than 
within-subject associations (Lazarides et al., 2020). 

In conclusion, herein we explored the association of psychosocial 
stress in subcortical brain regions volumes, using a non-pathological 
population. We performed a volumetric regression analysis where 
perceived stress scores were used as a variable of interest and we 
demonstrate that increased levels of perceived stress positively associate 
with the right amygdala and anterior hippocampal volumes. 
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Reuter, M., Chaibub Neto, E., Keshavan, A., 2017. Mindboggling morphometry of 
human brains. PLoS Comput. Biol. 13, e1005350 https://doi.org/10.1371/journal. 
pcbi.1005350. 

Koolschijn, P.C.M.P., Crone, E.A., 2013. Sex differences and structural brain maturation 
from childhood to early adulthood. Dev. Cogn. Neurosci. 5, 106–118. https://doi. 
org/10.1016/j.dcn.2013.02.003. 

Koshiyama, D., Fukunaga, M., Okada, N., Yamashita, F., Yamamori, H., Yasuda, Y., 
Fujimoto, M., Ohi, K., Fujino, H., Watanabe, Y., Kasai, K., Hashimoto, R., 2018. Role 
of subcortical structures on cognitive and social function in schizophrenia. Sci. Rep. 
8, 1183. https://doi.org/10.1038/s41598-017-18950-2. 

Kühn, S., Schubert, F., Gallinat, J., 2011. Structural correlates of trait anxiety: reduced 
thickness in medial orbitofrontal cortex accompanied by volume increase in nucleus 
accumbens. J. Affect. Disord. 134, 315–319. https://doi.org/10.1016/j. 
jad.2011.06.003. 

Kuo, J.R., Kaloupek, D.G., Woodward, S.H., 2012. Amygdala volume in combat-exposed 
veterans with and without posttraumatic stress disorder: a cross-sectional study. 
Arch. Gen. Psychiatr. 69, 1080. https://doi.org/10.1001/ 
archgenpsychiatry.2012.73. 

Lanteaume, L., Khalfa, S., Regis, J., Marquis, P., Chauvel, P., Bartolomei, F., 2007. 
Emotion induction after direct intracerebral stimulations of human amygdala. 
Cerebr. Cortex 17, 1307–1313. https://doi.org/10.1093/cercor/bhl041. 

Lau, W.K.W., Leung, M.K., Law, A.C.K., Lee, T.M.C., 2017. Moderating effects of cortisol 
on neural-cognitive association in cognitively normal elderly subjects. Front. Aging 
Neurosci. 9, 163. https://doi.org/10.3389/fnagi.2017.00163. 

I. Caetano et al.                                                                                                                                                                                                                                 



 

38 

 

Neurobiology of Stress 14 (2021) 100334

8

Lazarides, C., Ward, E.B., Buss, C., Chen, W.-P., Voelkle, M.C., Gillen, D.L., Wadhwa, P. 
D., Entringer, S., 2020. Psychological stress and cortisol during pregnancy: an 
ecological momentary assessment (EMA)-Based within- and between-person 
analysis. Psychoneuroendocrinology 121, 104848. https://doi.org/10.1016/j. 
psyneuen.2020.104848. 

LeDoux, J.E., 2000. Emotion circuits in the brain. Annu. Rev. Neurosci. 23, 155–184. 
https://doi.org/10.1146/annurev.neuro.23.1.155. 

Lee, E.-H., 2012. Review of the psychometric evidence of the perceived stress scale. Asian 
Nurs. Res. 6, 121–127. https://doi.org/10.1016/j.anr.2012.08.004. 

Lee, K.H., Yoo, J.H., Lee, J., Kim, S.H., Han, J.Y., Hong, S.-B., Shin, J., Cho, S.-C., Kim, J.- 
W., Brent, D.A., 2020. The indirect effect of peer problems on adolescent depression 
through nucleus accumbens volume alteration. Sci. Rep. 10, 12870. https://doi.org/ 
10.1038/s41598-020-69769-3. 

Li, H., Li, W., Wei, D., Chen, Q., Jackson, T., Zhang, Q., Qiu, J., 2014. Examining brain 
structures associated with perceived stress in a large sample of young adults via 
voxel-based morphometry. Neuroimage 92, 1–7. https://doi.org/10.1016/j. 
neuroimage.2014.01.044. 

Liston, C., McEwen, B.S., Casey, B.J., 2009. Psychosocial stress reversibly disrupts 
prefrontal processing and attentional control. Proc. Natl. Acad. Sci. Unit. States Am. 
106, 912–917. https://doi.org/10.1073/pnas.0807041106. 

Lucassen, P.J., Pruessner, J., Sousa, N., Almeida, O.F.X., Van Dam, A.M., Rajkowska, G., 
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1. Supplementary material 

 

 
 

 
  

 
 
Fig. A.1. Representation of the multilinear model resulted from left thalamus regression with 
cortisol. A statistically significant association between left thalamus volumes and both cortisol 

(negative) and sex (positive) independent terms was observed, even after correction for multiple 

comparisons. Note that the direction of the sex association is only related to the way sex covariate was 
codified (females as 0 and males as 1). Therefore, the positive association between left thalamus 

volumes and sex indicates that being a male positively contribute to having a bigger volume of left 

thalamus, and, in contrast, being a female contribute to having smaller left thalamus volume. On left, 

representation of the 10_L Thalamus cluster from FreeSurfer subcortical regions labeling. In the middle, 

graphical representation of the model with cortisol measurements as the independent variable and left 

thalamus volumes, corrected for age and sex covariates, as dependent variable; the equation 

represents the correlation between cortisol measurements and corrected thalamus volumes, where 

statistical significance is observed. On the right, a graphical representation of the model with sex as the 

independent factor and left thalamus volumes, corrected for age and cortisol measurements, as the 

dependent variable; herein an independent-sample t-test indicates that left thalamus volumes are 

significantly higher for males than for females (on graph, mean volumes ± standard deviation for each 

level are presented).   
Brain volumes were computed using FreeSurfer subcortical output and corrected for individual GM. To 

avoid a large number of decimal digits, corrected volumes were multiplied by 100. Multilinear regression 

models with ROI volumes as dependent variable and cortisol measurements, age, and sex as 

independent terms were established. The models were computed using the regstats function in 

MATLAB and the Bonferroni-Holm correction for 14 multiple comparisons was used to calculate the 

corrected p-values. Statistical significance was established for α = 0.05. 
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Table A.1. Descriptive statistics of subcortical volumes obtain through FreeSurfer. Brain volumes 
were computed using FreeSurfer subcortical output (aseg.stats), and corrected for individual GM to 
best replicate the FSL-VBM pipeline. To avoid using further decimal digits, corrected volumes were 
multiplied by 100. 

 Volumes (mm3)  Volumes/GM 

Subcortical ROI 
Mean Standard 

Deviation 
 Mean Standard 

Deviation 

 10_L Thalamus-Proper 7759 904  1.173 0.073 
 49_R Thalamus-Proper 7413 797  1.121 0.061 
 11_L Caudate 3725 490  0.564 0.059 
 50_R Caudate 3842 506  0.582 0.057 
 12_L Putamen 5015 501  0.760 0.061 
 51_R Putamen 5017 527  0.760 0.061 
 13_L Pallidum 1985 236  0.301 0.028 
 52_R Pallidum 1924 241  0.291 0.027 
 17_L Hippocampus 3978 475  0.602 0.046 
 53_R Hippocampus 4048 466  0.613 0.048 
 18_L Amygdala 1404 208  0.212 0.023 
 54_R Amygdala 1497 258  0.226 0.029 
 26_L Accumbens-area 625 91  0.095 0.014 
 58_R Accumbens-area 572 82  0.087 0.012 

General Volumes 
     

 eTIV 1.59x106 1.51x105    
 GM 6.61x105 5.50x104    
 WM 4.68x105 5.89x104    
       
VBM. Voxel-based-morphometry; ROI. Region-of-interest; eTIV. Estimated 
Intracranial Volume; GM. Gray matter; WM. White matter; R. Right; L. Left. 
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Table A.2. Results from FreeSurfer subcortical volumetric regression with PSS. A statistically significant positive association between PSS and right 
amygdala volume is observed, even when correcting for multiple comparisons. Positive associations between PSS and right pallidum, right hippocampus, left 
amygdala and right accumbens-area did not survive multiple comparison correction. 
Brain volumes were computed using FreeSurfer subcortical output (aseg.stats) and corrected for individual GM to best replicate the FSL-VBM regression 
analysis. To avoid using further decimal digits, corrected volumes were multiplied by 100. Multilinear regression models with ROI volumes as dependent 
variables and PSS, age, and sex as independent variables were established. The models were computed using the function regstats in MATLAB and the 
Bonferroni-Holm correction for 14 multiple comparisons was used to calculate the corrected p-values. For easy interpretation, p- and corrected p-values 
statistically significant are presented in bold, as the respective ROI description and effect size when significance is observed in PSS independent term. Statistical 
significance was established for α = 0.05. 

 
 
 

ROI 

 MULTILINEAR REGRESSION 
 

PSS  Age  Sex  Model Effect size 

p-value Corrected 
p-value Slope (β)  p-value Corrected 

p-value Slope (β)  p-value Corrected 
p-value Slope (β) 

 
 R2 Adjusted R2 

Subcortical               
 10_L Thalamus-Proper 0.181 1.432 0.0020  0.728 2.006 0.0020  0.049 0.680 0.0230  0.113 0.054 
 49_R Thalamus-Proper 0.630 2.520 0.0006  0.470 2.822 0.0035  0.120 1.558 0.0152  0.071 0.010 
 11_L Caudate 0.965 1.604 0.0001  0.549 2.822 0.0029  0.888 1.369 0.0014  0.008 0.056 
 50_R Caudate 0.283 1.697 0.0012  0.641 2.743 0.0020  0.518 4.207 0.0056  0.032 0.033 
 12_L Putamen 0.381 1.907 0.0011  0.174 1.389 0.0068  0.590 3.686 0.0052  0.064 0.003 
 51_R Putamen 0.756 2.520 0.0004  0.120 1.436 0.0078  0.666 3.538 0.0043  0.063 0.001 
 13_L Pallidum 0.802 2.267 0.0001  0.105 1.366 0.0036  0.467 4.386 0.0031  0.075 0.014 
 52_R Pallidum 0.025 0.271 0.0012  0.143 1.417 0.0030  0.168 2.021 0.0056  0.180 0.126 
 17_L Hippocampus 0.093 0.838 0.0015  0.933 1.457 0.0003  0.679 2.706 0.0029  0.071 0.009 
 53_R Hippocampus 0.021 0.248 0.0021  0.126 1.436 0.0053  0.409 4.498 0.0057  0.184 0.130 
 18_L Amygdala 0.013 0.163 0.0011  0.343 2.401 0.0017  0.684 2.038 0.0014  0.156 0.100 
 54_R Amygdala < 0.001 < 0.001 0.0022  0.142 1.417 0.0027  0.527 4.140 0.0023  0.382 0.341 
 26_L Accumbens-area 0.179 1.432 0.0003  0.026 0.363 0.0023  0.439 4.498 0.0015  0.130 0.072 
 58_R Accumbens-area 0.033 0.326 0.0004 

 
0.669 2.565 0.0003 

 
0.676 3.331 0.0007  0.111 0.051 

VBM. Voxel-based-morphometry; ROI. Region-of-interest; R. Right; L. Left. 
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Table A.3. Results from FreeSurfer hippocampal subfields association with PSS. A statistically significant positive association between PSS and right 
anterior hippocampus is observed. No statistically significant association is observed between the right posterior hippocampus and PSS scores.  
After the FreeSurfer segmentation (aseg.stats), the hippocampal segmentation was made (hipposubfields.rh.T1.v21.stats) and the subfields grouped into 
anterior hippocampus (head) and posterior hippocampus (body and tail). Individual correction for GM volumes was made, and corrected volumes were multiplied 
by 100 to avoid using further decimal digits. Multilinear regression models with ROI volumes as dependent variables and PSS, age, and sex as independent 
variables were established. The models were computed using the function regstats in MATLAB and the Bonferroni-Holm correction for 2 multiple comparisons 
was used to calculate the corrected p-values. For easy interpretation, p- and corrected p-values statistically significant are presented in bold, as the respective 
region and effect size, when significance is observed in PSS independent term. Statistical significance was established for α = 0.05. 

 
 
 

ROI 

 
MULTILINEAR REGRESSION 

 

PSS  Age  Sex  Model Effect size 

p-value 
Corrected 
p-value 

Slope (β)  p-value 
Corrected 
p-value 

Slope (β)  p-value 
Corrected 
p-value 

Slope (β) 
 

 R2 Adjusted R2 

R Hippocampus               
 Anterior 0.012 0.023 0.0011  0.075 0.075 0.0031  0.379 0.757 -0.0060  0.219 0.166 
 Posterior 0.287 0.287 0.0004 

 
0.025 0.049 0.0038 

 
0.422 0.757 -0.0052  0.147 0.090 

VBM. Voxel-based-morphometry; ROI. Region-of-interest; R. Right; L. Left. 
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PSS  Age  Sex  Model Effect size 

p-value 
Corrected 
p-value 

Slope (β)  p-value 
Corrected 
p-value 

Slope (β)  p-value 
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Slope (β) 
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R Hippocampus               
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 Posterior 0.287 0.287 0.0004 

 
0.025 0.049 0.0038 

 
0.422 0.757 -0.0052  0.147 0.090 

VBM. Voxel-based-morphometry; ROI. Region-of-interest; R. Right; L. Left. 
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Table A.4. Models resulted from the volumetric regression with cortisol measurements. Multilinear regression models with ROI volumes as dependent 
variable and cortisol measurements, age, and sex as independent variables were established. A statistically significant negative association between cortisol 
and left thalamus is observed, as well as a significant positive association between sex and the left thalamus volumes. Note that the direction of the sex 
association is only related to the way sex covariate was codified (females as 0 and males as 1). Therefore, the positive association between left thalamus 
volumes and sex indicates that being a male positively contribute for having a bigger volume of left thalamus, and, in contrast, being a female contribute for 
having smaller left thalamus volume. A similar trait in the right thalamus did not survive to multiple comparisons, such as the associations between age and 
bilateral putamen, and between sex and right pallidum. The negative value of the adjusted R2 of left caudate, bilateral hippocampus, and bilateral amygdala 
indicates that the multilinear models are not appropriate for the data.   
Brain volumes were computed using FreeSurfer subcortical output (aseg.stats) and corrected for individual GM and multiplied by 100. The models were 
computed using the function regstats in MATLAB and the Bonferroni-Holm correction for 14 multiple comparisons was used to calculate the corrected p-values. 
For easy interpretation, p- and corrected p-values statistically significant are presented in bold, as the respective ROI description and model’s effect sizes when 
significance is observed in cortisol independent term. Statistical significance was established for α = 0.05. 

 
 
 

ROI 

 MULTILINEAR REGRESSION  

Cortisol  Age  Sex  Model Effect size 

p-value Corrected 
p-value Slope (β)  p-value Corrected 

p-value Slope (β)  p-value Corrected 
p-value Slope (β) 

 
 R2 Adjusted R2 * 

Subcortical               
 10_L Thalamus-Proper 0.0016 0.0221 -0.1961  0.4494 2.6963 -0.0065  < 0.0001 0.0005 0.1347  0.599 0.542 
 49_R Thalamus-Proper 0.0065 0.0844 -0.1770  0.9404 1.1632 -0.0007  0.0102 0.1320 0.0790  0.388 0.301 
 11_L Caudate 0.9227 1.8367 -0.0068  0.5740 2.0783 0.0062  0.8614 3.3306 -0.0058  0.017 -0.123 
 50_R Caudate 0.1672 1.8395 -0.0777  0.5196 2.5157 0.0055  0.5066 2.5330 -0.0176  0.156 0.030 
 12_L Putamen 0.1814 1.7403 -0.0857  0.0488 0.6346 0.0204  0.2957 2.0699 0.0318  0.307 0.208 
 51_R Putamen 0.3259 1.9552 -0.0648  0.0246 0.3445 0.0245  0.3449 2.0699 0.0297  0.326 0.229 
 13_L Pallidum 0.2092 1.5046 -0.0298  0.2419 2.0660 0.0044  0.1220 1.2197 0.0177  0.242 0.134 
 52_R Pallidum 0.1740 1.8395 -0.0363  0.5816 1.7220 0.0023  0.0172 0.2063 0.0319  0.306 0.207 
 17_L Hippocampus 0.8942 4.2712 -0.0068  0.2296 2.0660 0.0096  0.8915 2.5843 0.0034  0.081 -0.056 
 53_R Hippocampus 0.9183 2.7069 -0.0056  0.1945 1.9449 0.0112  0.9739 1.7831 -0.0009  0.088 -0.049 
 18_L Amygdala 0.8542 4.2712 -0.0051  0.1226 1.4708 0.0070  0.8327 3.3306 -0.0028  0.119 -0.006 
 54_R Amygdala 0.9023 3.5767 -0.0043  0.5031 2.6963 0.0037  0.2502 2.0013 0.0194  0.119 -0.007 
 26_L Accumbens-area 0.0860 1.0323 -0.0196  0.3043 2.1299 0.0018  0.1076 1.1835 0.0087  0.264 0.159 
 58_R Accumbens-area 0.1881 1.6330 -0.0144  0.1550 1.7053 -0.0025  0.1786 1.6071 0.0070  0.152 0.031 

VBM. Voxel-based-morphometry; ROI. Region-of-interest; R. Right; L. Left; * A negative R2 statistic indicates that the model is not appropriate for the data. 
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1. Abstract 

As modern civilizations advance, daily routines are getting increasingly stressful. Interestingly, 

associations between stress perception and amygdala volume, a brain region implicated in emotional 

behavior, have been observed both in adult and older cohorts. Life stress, on the other hand, has become 

pervasive and is no longer restricted to a specific age group or life stage. As a result, it is vital to consider 

stress as a continuum across the lifespan. In this study, we investigated the relationship between 

perceived stress and amygdala size in 272 non-pathological participants with a broad age range. 

Participants were submitted to a structural magnetic resonance imaging (MRI) to extract amygdala 

volume, and we used the scores of the Perceived Stress Scale (PSS) as the independent variable in 

volumetric regressions. We found that perceived stress is positively associated with the right amygdala 

volume throughout life. 

 

Keywords: Psychophysiology, Perceived stress, Amygdala, Volumetry, Healthy subjects, Stress 

appraisal, MRI 
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2. Introduction 

Several changes have marked human history. From the first small communities in which our ancestors 

lived to the modern societies of the present times, an entirely new way to live, work and interact with 

others has emerged (Ritchie & Roser, 2018). This shift triggered new challenges for mental health 

(Lederbogen et al., 2018; Ritchie & Roser, 2018; Szabo, 2018). While the increased tendency of 

urbanization has beneficial protective effects, such as access to healthcare and resources, on the other 

hand, the highly demanded social interactions, the social fragmentation, the economics, and the 

professional aspects are critical risk factors for psychological wellbeing (Everaerd et al., 2020; Fett, 

Lemmers-Jansen, & Krabbendam, 2019; Gong, Palmer, Gallacher, Marsden, & Fone, 2016). In fact, the 

increased awareness of the relevance of this topic has led to the discovery of the impact that psychosocial 

stress has on the brain (Cerqueira, Almeida, & Sousa, 2008; Koenig, Walker, Romeo, & Lupien, 2011; 

Lucassen et al., 2014; Magalhães et al., 2018; Novais, Monteiro, Roque, Correia-Neves, & Sousa, 2017; 

Soares et al., 2012; Soares, Sampaio, Ferreira, et al., 2013; Sousa, 2016), but also of new resilience 

strategies to successfully cope with stress (Gotink, Meijboom, Vernooij, Smits, & Hunink, 2016; Gotink et 

al., 2018; Kalisch et al., 2017). Interestingly, particular life stages seem to be more associated with 

specific stressors, meaning that, besides individual susceptibility (Novais et al., 2017; Sousa, 2016), the 

subject’s response is conditioned by the stage of life in which the stressor occurs (Koenig et al., 2011). 

Indeed, there is an inherent link between stress and age (Aldwin, 2010; Kalisch et al., 2017; Lucassen 

et al., 2014; Sousa, 2016).  

The way stress changes throughout life is intrinsically related to how stress is defined (Aldwin, 2010). The 

stressor, varying in type, time, recurrence, and intensity (Sousa, 2016), triggers a variable response on 

the subject that can be partially measured (Caetano et al., 2021). Notably, a stressor encompasses real 

quantifiable components, like duration, and subjective dimensions, as the individual quantification of 

stress intensity (Sousa, 2016). Importantly, this subjective perception of stress (Godoy, Rossignoli, 

Delfino-Pereira, Garcia-Cairasco, & de Lima Umeoka, 2018; Novais et al., 2017) is closely related to 

mental health, with studies showing a consistent association between chronic psychosocial stress and 

the Perceived Stress Scale (PSS) (Cohen, Kamarck, & Mermelstein, 1983; Fliege et al., 2005; Liston, 

McEwen, & Casey, 2009; Soares et al., 2012; Trigo, Canudo, Branco, & Silva, 2010). On the contrary, 

endocrine parameters, such as cortisol levels, besides being involved in several biological processes, 

usually reflect a response to acute events, conditioning its use as surrogate markers of longitudinal 

processes (Caetano et al., 2021; Canbolat, Erbay, Şenol, Uçar, & Yıldız, 2021; Chida & Steptoe, 2009; 
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Halford, Jonsdottir, & Eek, 2012; Kronenberg et al., 2009). Indeed, it is this difference in temporal 

dynamics that makes the PSS of great physiological relevance, namely when considering the number of 

studies showing that the way subjects integrate stress correlates with brain morphometry (Caetano et al., 

2021; Goldstein & Kopin, 2007; Hölzel et al., 2010; Li et al., 2014).  

There are also relevant clinical aspects that justify examining the impact of prolonged stress on brain 

morphometry. Chronic stress is a significant precursor for the development of pathological conditions 

such as anxiety (Melchior et al., 2007; Pêgo, Sousa, Almeida, & Sousa, 2009; Shin & Liberzon, 2010), 

major depression (Hammen, 2005; Kendler, Karkowski, & Prescott, 1999; Melchior et al., 2007; 

Welberg, 2014), schizophrenia (Betensky et al., 2008; Gispen-de Wied, 2000; Walker, Mittal, & Tessner, 

2008), bipolar (Carvalho, Firth, & Vieta, 2020; Kim, Miklowitz, Biuckians, & Mullen, 2007), and post-

traumatic stress disorders (Brewin, Andrews, & Valentine, 2000; Bryant, 2019; Davidson, Hughes, Blazer, 

& George, 1991). Despite having common precipitating factors, each pathology has distinct morphological 

variations in specific regions (De Bellis et al., 2000; Herringa, Phillips, Almeida, Insana, & Germain, 2012; 

Morey et al., 2012; Schienle, Ebner, & Schäfer, 2011) which are known to be conditioned by the patient’s 

age and stage of disease (McKinnon, Yucel, Nazarov, & MacQueen, 2009; Schuhmacher et al., 2012). 

Therefore, unveiling how the brain is affected prior to disease is the best of value, particularly if 

considering the way the brain changes across the lifespan (Potvin, Dieumegarde, & Duchesne, 2017; 

Potvin, Mouiha, Dieumegarde, & Duchesne, 2016; Sousa, 2016; van der Plas, Boes, Wemmie, Tranel, 

& Nopoulos, 2010; Zhao et al., 2019). 

In a previous study, we have shown how subcortical regions are associated with stress perception 

(Caetano et al., 2021). Although our findings were in line with those reported by others (Hölzel et al., 

2010; Lanteaume et al., 2007; Taren, Creswell, & Gianaros, 2013), we only looked at a specific age 

range (young adults) in which a positive association between the right amygdala volume and perceived 

stress was found. Herein, using a cohort of different ages, we aimed to uphold our previous conclusions 

across the lifespan. 
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3. Material and Methods 

3.1.  Ethics Statement 

This study was conducted in accordance with the principles expressed 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).  

The aims of the study were explained to all participants, which signed informed consent. Additionally, 

parents of participants under the age of 18 years also signed informed consent. 

3.2. Participants and study design 

This study enrolled 272 participants. Being a healthy individual and having the capability to perform an 

MRI session were the primary inclusion criteria. The exclusion criteria consisted of the non-acceptance or 

inability to understand the informed consent, the individual choice to withdraw from the study, the 

presence of any comorbidity from the central nervous system, or the diagnose of any neuropsychiatric 

disorder.  

The protocol of this study consisted of a single-moment evaluation. Participants were characterized in 

terms of age and sex, and completed the 10-item Perceived Stress Scale (PSS10) (Trigo et al., 2010). 

Reporting to the previous month, the PSS10 is a well-validated self-administered Likert instrument used 

to quantify prolonged psychosocial stress (Cohen et al., 1983; Fliege et al., 2005; Liston et al., 2009; 

Soares et al., 2012). Moreover, subjects underwent a structural MRI acquisition. 

The anatomical images of participants were segmented using FreeSurfer (region of interest [ROI]-based 

analysis). Then, volumetric regressions between PSS10 scores and amygdala volume were performed to 

explore the association between amygdala size and psychological stress.  

3.3. Participants characterization 

Participants' demographic and psychological characterization was made using SPSS version 23 (IBM, 

SPSS, Chicago, IL, USA). Normality was tested for each variable, and non-parametric tests were used 

when the assumption was not met. To better characterize the cohort, between-group comparisons (factor 

sex) and correlations between PSS10 scores and the continuous variables (age, total gray matter [GM], 
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and estimated total intracranial volume [eTIV]) were made. The statistical significance was established 

for α = 0.05. 

3.4. MRI data acquisition  

MRI acquisitions were made at the Hospital of Braga (Braga, Portugal), using a clinical approved Siemens 

Magnetom Avanto 1.5 T scanner (Siemens Medical Solutions, Erlangen, Germany), with a 12-channel 

receive-only head coil. The anatomical acquisition consisted of one high-resolution T1-weighted (T1w) 

Magnetization-Prepared Rapid Acquisition with Gradient Echo (MPRAGE) sequence, with voxel size = 1 

mm × 1 mm × 1 mm, repetition time (TR) = 2.73 s, echo time (TE) = 3.48 ms, flip angle = 7°, field of 

view (FoV) = 234 mm × 234 mm and 176 slices with no gap. 

After the acquisition, all images were inspected by a certified neuro-radiologist to confirm that the scans 

were not critically affected by head motion and that participants had no pathologies or brain lesions. 

3.5. MRI data preprocessing  

Preprocessing was performed using fMRIPrep 1.4.1 (Esteban et al., 2018, 2021) (RRID:SCR_016216), 

which is based on Nipype 1.2.0 (Esteban et al., 2020; Gorgolewski et al., 2011) (RRID:SCR_002502). 

The T1w image was corrected for intensity non-uniformity (INU) with N4BiasFieldCorrection (Tustison et 

al., 2010), distributed with ANTs 2.2.0 (Avants, Epstein, Grossman, & Gee, 2008) (RRID:SCR_004757), 

and used as T1w-reference throughout the workflow. The T1w-reference was then skull-stripped with a 

Nipype implementation of the antsBrainExtraction.sh workflow (from ANTs), using OASIS30ANTs as target 

template. Brain tissue segmentation of cerebrospinal fluid (CSF), white matter (WM) and GM was 

performed on the brain-extracted T1w using fast (FSL 5.0.9, RRID:SCR_002823) (Y. Zhang, Brady, & 

Smith, 2001). Brain surfaces were reconstructed using recon-all (FreeSurfer 6.0.1, RRID:SCR_001847) 

(Dale, Fischl, & Sereno, 1999), and the brain mask estimated previously was refined with a custom 

variation of the method to reconcile ANTs-derived and FreeSurfer-derived segmentations of the cortical 

gray-matter of Mindboggle (RRID:SCR_002438) (Klein et al., 2017). Volume-based spatial normalization 

to two standard spaces (MNI152NLin2009cAsym, MNI152NLin6Asym) was performed through nonlinear 

registration with antsRegistration (ANTs 2.2.0), using brain-extracted versions of both T1w reference and 

the T1w template. The following templates were selected for spatial normalization: ICBM 152 Nonlinear 

Asymmetrical template version 2009c [ (Fonov, Evans, McKinstry, Almli, & Collins, 2009), 
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RRID:SCR_008796; TemplateFlow ID: MNI152NLin2009cAsym], FSL’s MNI ICBM 152 non-linear 6th 

Generation Asymmetric Average Brain Stereotaxic Registration Model [(Evans, Janke, Collins, & Baillet, 

2012), RRID:SCR_002823; TemplateFlow ID: MNI152NLin6Asym]. 

3.6. ROI segmentation and volume estimation 

Right and left amygdala volumes were obtained using the automatic subcortical segmentation (Fischl et 

al., 2002). In addition, all other subcortical and cortical regions (Desikan et al., 2006) were extracted as 

part of the cohort volumetric brain characterization. Subjects' individual total GM was also collected to 

correct for individual head size and brain atrophy. All the volumes were computed during fMRIPrep 

preprocessing steps and made automatically available in the Freesurfer derivative folder. 

The FreeSurfer pipeline (Fischl, 2012) (http://surfer.nmr.mgh.harvard.edu) follows 31 processing steps 

that include motion correction, Talairach standard space normalization, intensity normalization, skull 

stripping, and tissue segmentation of WM, cortical, and subcortical regions. In the execution of fMRIPrep, 

FreeSurfer processing steps are aggregated in 3 phases. First, a T1w structural image is initialized, and 

a basic reconstruction is performed using the autorecon1 (first 5 preprocessing steps of recon-all (Dale 

et al., 1999), excluding the skull-stripping step 5). Then, a brain mask computed before in the fMRIPrep 

pipeline (using antsBrainExtraction.sh) is moved to a specific FreeSurfer directory to replace the mask of 

the skull-stripping step that was not performed. This brain mask is refined using the FreeSurfer's internal 

segmentation mask aseg.mgz, reconciling ANTs-derived and FreeSurfer-derived segmentation of the 

cortical GM of Mindboggle (Klein et al., 2017). Lastly, the recon-all execution (autorecon2 and autorecon3) 

is resumed, with FreeSurfer workflow being divided into sub-stages to increase the efficient use of 

resources.  

3.7. Volumetric regression 

Due to the differences in magnitudes, all the variables were standardized. Then, a multilinear regression 

model with right or left amygdala volume as the dependent variable, and perceived stress (measured by 

PSS10), age, sex, and individual total GM as independent variables was defined. Herein, age, sex, and 

total GM were used as non-explanatory variables. 
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The volumetric regressions were conducted in SPSS version 23 (IBM, SPSS, Chicago, IL, USA). Additional 

correlations between amygdala volume and independent terms were performed to further explore the 

significant model obtained. 

The assumptions for the multiple linear regression models were tested and met. The statistical 

significance was established for α = 0.05, and the obtained p-values were corrected for 2 multiple 

comparisons (right and left amygdala models) using the Bonferroni-Holm correction (Holm, 1979). 

  

4. Results 

4.1. Cohort Characterization 

The distribution of the population and respective socio-demographic, psychological, and volumetric brain 

characterization (left and right amygdala, total GM, and eTIV) is presented in Table 1. In addition, 

descriptive statistics of all cortical and subcortical regions can be consulted in Supplementary Table A1 

as a characterization of a general Portuguese population.  

A between-group comparison indicated that no age differences were found between sex (U = 7955.0, p 

= 0.094). A Mann-Whitney test indicated higher perceived stress scores in females than in males (U = 

7451.5, p = 0.014, r = 0.149). Regarding brain volumes, independent-samples t-tests indicated that total 

GM and eTIV were significantly higher for males than females (t (270) = 4.924, p < 0.001, d = 0.61, and 

t (270) = 10.069, p < 0.001, d = 1.26, respectively). 

A negative association between PSS10 score and age was found (r (272) = -0.276, p < 0.001). Between 

PSS10 and individual total GM, a positive significant correlation was observed (r (272) = 0.153, p = 

0.011). No association was verified among PSS10 scores and eTIV (r (272) = 0.038, p = 0.038). 
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Table 1. Participants characterization. Demographic, psychological and brain morphological characterization of the population included in this study.  

 

 Demographic  Psychological  Brain Volume (mm3) 

 N (%) 
Age         

(years) 
 

Perceived Stress 
(PSS10) 

 Left amygdala Right amygdala Total GM eTIV 

Global population 272 (100%)  

min  15  1  8.50x102 9.46x102 4.39x105 1.14x106 

max  84  39  2.14x103 2.62x103 8.35x105 1.99x106 

Mean ± SD  38.3 ± 20.85  16.5 ± 7.85  1.36x103 ± 2.17x102 1.45x103 ± 2.35x102 6.30x105 ± 7.74x104 1.57x106 ± 1.65x105 

Male 115 (42.3%)  

min  15  2  1.01x103 1.04x103 5.05x105 1.24x106 

max  80  35  2.14x103 2.62x103 8.38x105 1.99x106 

Mean ± SD  41.7 ± 21.49  15.1 ± 7.29  1.46x103 ± 2.11x102 1.56x103 ± 2.55x102 6.57x105 ± 8.28x104 1.67x106 ± 1.58x105 

Female 157 (57.7%)  

min  15  1  8.50x102 9.46x102 4.39x105 1.14x106 

max  84  39  1.93x103 2.06x103 7.37x105 1.80x106 

Mean ± SD  35.9 ± 20.09  17.5 ± 8.10  1.29x103 ± 1.94x102 1.37x103 ± 1.81x102 6.10x105 ± 6.69x104 1.49x106 ± 1.23 x 105 

eTIV. Estimated Intracranial Volume; GM. Gray matter; SD. Standard Deviation. 
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4.2. Volumetric regression with PSS10 

Multilinear regressions were computed to predict amygdala volume based on participants’ PSS10, total 

GM, age, and sex (one model for the right amygdala and another for the left). The two models obtained 

were statistically significant; however, perceived stress (measured by PSS10) was only a significant 

predictor of the right amygdala volume (positive association). 

Regarding covariates, total GM and age were positively associated with right and left amygdala volumes. 

On the contrary, sex only achieved statistical significance in the left amygdala model (males have a larger 

left amygdala than females). 

In Table 2, the results of the global models and the individual effects of each variable corrected for all the 

other independent terms included in the regression are presented. A graphical representation of the right 

amygdala regression model and the partial regression plot for PSS10 scores are shown in Figure 1. The 

partial regression plots for the non-exploratory variables (age and total GM) are presented in 

Supplementary Figure A1. 
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Table 2. Multilinear models resulted from amygdala volumetric regressions. Both regressions resulted in statistically significant models; however, 

perceived stress only shows significance as a predictor of the right amygdala. Besides perceived stress, total GM and age are also significant predictors of the right 

amygdala size. On the left hemisphere, total GM, age, and sex are significant predictors of the left amygdala volume. The fMRIprep FreeSurfer derivatives were 

used to extract amygdala and total GM volumes. Due to differences in magnitudes, all the variables were demeaned and standardized before model computation. 

In SPSS, the models were established using amygdala sizes as the dependent variable and PSS10, total GM, age, and sex as independent terms. The obtained p-

values were then corrected for 2 multiple comparisons using the Bonferroni-Holm correction. The statistical significance was established for α = 0.05. 
 

Global Model 
 

Independent terms    
    PSS10 GM Age Sex  Constant 

Ri
gh

t A
m

yg
da

la
 

F (4,267) 53.540 
 

F (4,267) 6.128 96.399 28.404 3.614   

R squared 0.445 
 

Partial Eta Squared 0.022 0.265 0.096 0.013   

Adjusted R squared 0.437 
 

Slope(β) 0.118 0.851 0.451 0.111  -3.810x10-11 

Partial Eta Squared 0.445 
 

Std. Error 0.048 0.087 0.085 0.058  0.046 

p-value <0.001 
 

p-value 0.014 <0.001 <0.001 0.058   
   

corrected p-value 0.028 <0.001 <0.001 0.058    
        

  

           

Le
ft

 A
m

yg
da

la
 

F (4,267) 71.276 
 

F (4,267) 0.747 93.189 5.380 5.600   

R squared 0.516 
 

Partial Eta Squared 0.003 0.259 0.020 0.021   

Adjusted R squared 0.509 
 

Slope (β) 0.039 0.781 0.183 0.128  -2.723x10-11 

Partial Eta Squared 0.516 
 

Std. Error 0.045 0.081 0.079 0.054  0.042 

p-value <0.001 
 

p-value 0.388 <0.001 0.021 0.019   
   

corrected p-value 0.388 <0.001 0.021 0.038   

           

GM. Gray matter; PSS10. 10-item Perceived Stress Scale. 
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Fig.1. Results from volumetric regression of the right amygdala and PSS10 scores. A statistically significant model was obtained, with perceived stress 

showing significance as a predictor of the right amygdala volume.  

On the left, representation of the right amygdala cluster from FreeSurfer. A graphical representation of the multilinear model obtained is presented in the middle; 

herein, the equation represents the correlation between the right amygdala volumes and the expected predicted values according to the model, not the model's 

global equation. Finally, on the right, the partial regression of the right amygdala volumes corrected for total GM, age, and sex, and perceived stress scores (PSS10) 

is presented, plus the correlation between those variables.    

Amygdala volumes were computed using the fMRIprep FreeSurfer derivatives. Then, all the variables were demeaned and standardized. Next, a multilinear model 

was computed using SPSS, with right amygdala volume as the dependent variable and PSS10, total GM, age, and sex as independent terms. The Bonferroni-Holm 

correction for 2 multiple comparisons (left and right amygdala models) was used to compute the corrected p-values, and the statistical significance was established 

for α = 0.05. Finally, the graphical representations, as the linear correlation between y and x values, were made using SPSS. 
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5. Discussion 

This study uses a representative cohort of a general population to explore the relationship between 

amygdala size and perceived stress. Results show a positive association between the size of the right 

amygdala and PSS10 scores throughout the lifespan. 

Associations between subjects' perception of stress and the volume of emotional regions like the 

amygdala have been shown in specific ages (e.g., young adults (Caetano et al., 2021) and aged 

individuals (Gerritsen et al., 2015)). Herein, using a healthy cohort with a broad range of ages, we show 

that the positive association of the subject’s psychological state and right amygdala volume is present 

across the lifespan. Indeed, our results highlight amygdala neuroplasticity, reinforcing its involvement in 

stress-response and emotional processing, as suggested by others (Hölzel et al., 2010; Kaul, Schwab, 

Mechawar, & Matosin, 2021; Sublette et al., 2016; Taren et al., 2013). 

In line with a previous study (Caetano et al., 2021), we did not observe any effect on the left amygdala. 

Thus, and again, the right hemisphere’s prominence on emotional and affective functions, as well as the 

left dominance on language and motor function (Cerqueira et al., 2008; Duboc, Dufourcq, Blader, & 

Roussigné, 2015), appears to be the most reasonable explanation for the findings observed. Indeed, a 

reduction in subjects’ perceived stress was previously associated with a shrinkage only on the right 

amygdala (Hölzel et al., 2010). Similarly, another study showed that right amygdala stimulation induced 

negative emotions, contrasting with the pleasant and unpleasant feelings caused by left amygdala 

stimulation (Lanteaume et al., 2007). Interestingly, however, there are studies associating stress 

perception with the left, and not right, hemisphere. For example, Wu et al. reported a positive and a 

negative association with left amygdala size in 26 adolescents and 26 middle-aged adults, respectively 

(Wu et al., 2020). In line with this, Sublette et al. demonstrated a negative association between the left 

amygdala and recent stressful life events in 60 healthy adults (Sublette et al., 2016). 

When looking for case-control studies, the discrepancies are even more enhanced. For example, 

Butterworth et al. observed that 19 adults with financial hardship, when compared to controls, had 

smaller hippocampal and amygdalar volumes in both hemispheres (Butterworth, Cherbuin, Sachdev, & 

Anstey, 2012). Contrarily, Cacciaglia demonstrated that 18 healthy trauma-exposed individuals had 

higher left amygdala volume than non-exposed controls (Cacciaglia et al., 2017). Indeed, as noted by 

Kaul et al., both stressor type and timing of occurrence conditionate the amygdala’s response (Kaul et 
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al., 2021). Therefore, to unravel the amygdala’s role in disease development, it is essential to first fully 

understand its early response to stressful stimuli (Kaul et al., 2021). As a consequence, the conductance 

of sizeable non-pathological studies is required. 

As far as we know, this is the first study using a significant representation of a general non-pathological 

population to unravel the linkage between perceived stress and amygdala size. Importantly, our cohort's 

psychosocial and demographic characteristics are similar to other representative populations (Brougham, 

Zail, Mendoza, & Miller, 2009; Eshel, Kimhi, Lahad, & Leykin, 2016; Matud, 2004; Teles, Valle, 

Rodríguez, Piñeiro, & Regueiro, 2020). Indeed, by including younger, middle-aged, and older participants, 

we obtained a more faithful representation of the global healthy populace, from which conclusions can 

now be extrapolated. However, studying lifespan with a single acquisition per subject is also a limitation. 

We tackled this constraint by including age as a covariate but, we denote that this is a cross-sectional 

study and not a longitudinal one. In light of this, special care should be taken when categorizing PSS10 

as an amygdala size predictor. Mathematically, a predictor is an independent term that is meant to offer 

information on the dependent variable without inferring any causality. Indeed, due to this study's design, 

no cause-and-effect relationship can be assumed (Caruana, Roman, Hernández- Sánchez, & Solli, 2015; 

Taris & Kompier, 2014). 

As future work, a longitudinal morphometric study could help to disclose the causal link between 

perceived stress and amygdala size, as further detail amygdala plasticity over time (Caetano et al., 2021; 

Caruana et al., 2015; Hölzel et al., 2010; Taris & Kompier, 2014). Interestingly, alterations in amygdala 

connectivity and functioning have also been reported (Chang & Yu, 2018; Eckstrand et al., 2021; 

Lederbogen et al., 2018; Liston et al., 2009; Soares, Sampaio, Ferreira, et al., 2013; Soares, Sampaio, 

Marques, et al., 2013; Vaisvaser et al., 2013; X. Zhang et al., 2018). Therefore, future studies might 

expand on our findings by exploring amygdala function and its association with perceived stress. 

In conclusion, herein, we investigated the relationship between psychosocial stress and amygdala volume 

in a sizeable cohort with a broad range of ages. We conducted volumetric regressions using PSS10 as 

the independent term and amygdala size as the dependent variable, and we found that perceived stress 

is favorably associated with the right amygdala volume throughout life. 
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11. Supplementary Material 

 

Supplementary Figure A1. Partial regression plots of age and total GM resulted from 

volumetric regression of the right amygdala volumes and PSS10 scores. A statistically 

significant model was obtained, with perceived stress, age, and total GM independent terms showing 

significance as predictors of the right amygdala volumes.  

On the left, a graphical representation of the partial regression between age and corrected right amygdala 

volumes is presented, plus the correlation between those variables. On the right, the same visual depiction 

is applied to right amygdala volumes and total GM. 

Amygdala volumes were computed using the fMRIprep FreeSurfer derivatives. Then, all the variables were 

demeaned and standardized. Next, a multilinear model was computed using SPSS, with right amygdala 

volume as the dependent variable and PSS10, total GM, age, and sex as independent terms. The 

Bonferroni-Holm correction for 2 multiple comparisons (left and right amygdala models) was used to 

compute the corrected p-values, and the statistical significance was established for α = 0.05. Finally, the 

graphical representations, as the linear correlation between y and x values, were made using SPSS.   
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Supplementary Table A.1. Descriptive statistics of cortical, subcortical, and global brain 
volumes (in mm3). Volumes presented below are representative of a Portuguese population and were 
computed using the fMRIprep FreeSurfer derivatives. 

  Left Hemisphere  Right Hemisphere 
   Mean Standard 

Deviation 
 Mean Standard 

Deviation 

Cortical ROI 
  Banks of the Superior Temporal Sulcus 2396 491 

 
2187 402 

  Caudal Anterior-Cingulate Cortex  1822 444 
 

1990 493 

  Caudal Middle Frontal Gyrus  6299 1239 
 

6119 1221 

  Cuneus Cortex  2964 521 
 

3303 644 

  Entorhinal Cortex 2006 354 
 

1986 376 

  Fusiform Gyrus 9352 1258 
 

9194 1336 

  Inferior Parietal Cortex  11903 2232 
 

14379 2598 

  Inferior Temporal Gyrus 11244 1844 
 

10951 1719 

  Isthmus–Cingulate Cortex  2535 421 
 

2393 423 

  Lateral Occipital Cortex  11359 1764 
 

11783 1861 

  Lateral Orbital Frontal Cortex  7838 1066 
 

7469 1065 

  Lingual Gyrus  6426 1055 
 

6953 1117 

  Medial Orbital Frontal Cortex  5136 720 
 

5385 711 

  Middle Temporal Gyrus  11121 1954 
 

11848 1971 

  Parahippocampal Gyrus  2072 286 
 

1934 273 

  Paracentral Lobule  3421 468 
 

3839 552 

  Pars Opercularis 4721 890 
 

3892 744 

  Pars Orbitalis 2392 396 
 

2771 479 

  Pars Triangularis  3635 748 
 

4146 840 

  Pericalcarine Cortex  2214 444 
 

2505 496 

  Postcentral Gyrus 9265 1452 
 

8987 1415 

  Posterior-Cingulate Cortex  3148 558 
 

3223 531 

  Precentral Gyrus 13221 1804 
 

13131 1777 

  Precuneus Cortex  9410 1469 
 

9859 1589 

  Rostral Anterior Cingulate Cortex  2598 538 
 

1929 426 

  Rostral Middle Frontal Gyrus 15284 2814 
 

15570 2854 

  Superior Frontal Gyrus 22426 3561 
 

21621 3453 

  Superior Parietal Cortex 12601 2075 
 

12276 2020 

  Superior Temporal Gyrus 12209 1949 
 

11337 1819 

  Supramarginal Gyrus  11255 2162 
 

10052 1834 

  Frontal Pole 924 163 
 

1085 181 

  Temporal Pole 2387 342 
 

2492 339 

  Transverse Temporal Cortex  1120 234 
 

885 169 

  Insula 7158 899 
 

7193 1011 

  
      

Subcortical ROI 
  Thalamus Proper  7329 1031 

 
7121 970 

  Caudate 3594 493 
 

3719 508 

  Putamen  4909 661 
 

4911 641 

  Pallidum  1956 259 
 

1879 244 

  Hippocampus  3782 436 
 

3870 444 

  Amygdala  1363 217 
 

1451 235 

  Accumbens  594 120 
 

533 110 

  
      

Global Volumes  Mean  
Standard 
Deviation  

  eTIV 
 

1.57x10^6 
 

1.65x10^5 
 

  GM 
 

6.30x10^5 
 

7.74x10^4 
 

  WM 
 

4.60x10^5 
 

5.91x10^4 
 

ROI. Region-of-interest; eTIV. Estimated Intracranial Volume; GM. Gray matter; WM. White matter.  
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Graphical Abstract 

 

 

Graphical abstract text: 

Previous studies shown associations between stress perception and amygdala volume in narrow age 

ranged cohorts. Life stress, on the other hand, has become pervasive and is no longer restricted to a 

specific age group or life stage. Herein, using a sizeable non-pathological cohort, we show that perceived 

stress is positively associated with the right amygdala volume across lifespan.   
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1. Abstract 

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. To better understand what this association entails at a 

functional level, herein we explore the association of perceived stress 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 and a whole-brain data-driven 

approach to detect altered patterns of phase interactions between brain areas. 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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2. Introduction 

Daily routines are getting increasingly stressful as modern society advances (Everaerd et al., 2020; Fett 

et al., 2019; Gong et al., 2016). Consequently, a new way of living, working, and interacting with others 

has emerged, with mental health concerns growing as a result of this transition (Lederbogen et al., 2018; 

Ritchie and Roser, 2018; Szabo, 2018). 

The way stress influences the brain has been examined at several levels, including molecular, cellular, 

and network levels (Cerqueira et al., 2007; Magalhães et al., 2018; Popoli et al., 2012; Sousa et al., 

2000; Yuen et al., 2012). Notwithstanding, it was the development of advanced neuroimaging techniques 

that potentiated our knowledge of brain morphology, connectivity, and function (Koenig et al., 2011; 

Kogler et al., 2015; Lucassen et al., 2014; Magalhães et al., 2019, 2018; Novais et al., 2017; Soares et 

al., 2016, 2013a; Sousa, 2016). Moreover, emergent algorithms for functional Magnetic Resonance 

Imaging (fMRI) data analysis have expanded the potential of neuroimaging studies to investigate the 

pathophysiology of brain disorders (Cabral et al., 2017; Esteban et al., 2018; Lv et al., 2018; Soares et 

al., 2016). 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) (Alonso Martínez et al., 2020; Figueroa et al., 2019; 

Larabi et al., 2020; Wong et al., 2021). This reinforces the emerging hypothesis that optimal functional 

brain interactions may not necessarily be related to synchronized co-activations (as captured with 

correlation-based analysis), but instead to delayed interactions leading to counterbalanced activations 

and de-activations between different brain subsystems (Arnold Anteraper et al., 2014; Chen et al., 2020; 

Johnson et al., 2018; Williams, 2016). 

It is well-established that chronic stress is a significant risk factor for the emergence of diseases such as 

post-traumatic stress disorder (Brewin et al., 2000; Bryant, 2019; Davidson et al., 1991), anxiety 

(Melchior et al., 2007; Pêgo et al., 2009; Shin and Liberzon, 2010), major depression (Hammen, 2005; 

Kendler et al., 1999; Melchior et al., 2007; Welberg, 2014), bipolar disorder (Carvalho et al., 2020; Kim 

et al., 2007) and schizophrenia (Betensky et al., 2008; Gispen-de Wied, 2000; Walker et al., 2008). 

However, due to the unique characteristics of each pathology, discovering how the brain is altered before 
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the illness is highly beneficial to the understanding of stress neurobiology and even crucial if considering 

mental preventive interventions (Avvenuti et al., 2020; Bergdahl et al., 2005; Kaul et al., 2021; Taren et 

al., 2015).  

Interestingly, when analyzing the relationship between perceived stress and brain morphology, a positive 

association between amygdala volume and perceived stress is observed (Caetano et al., 2021; Hölzel et 

al., 2010). However, the way perceived stress affects brain function is still unclear, particularly if 

considering the small sample size of non-pathological studies in the literature (Archer et al., 2018; 

Jovanovic et al., 2011; Lebares et al., 2019; Soares et al., 2013b, 2013c, 2012; Taren et al., 2017; Wu 

et al., 2018). 

Herein, we used a large cohort of resting-state fMRI data from healthy subjects of several 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 (Caetano et al., 2021), we started by evaluating 

the association of perceived stress with amygdala seed-based connectivity. Subsequently, we explored 

the disseminated effect of perceived stress on dynamic connectivity at a whole-brain level. 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. 

 

3. Material and methods 

3.1. 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.  
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3.2. 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 understand 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. 

3.3. 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.  

3.4. MRI data acquisition 

The MRI acquisitions were made at the Hospital of Braga (Braga, Portugal), using a clinical approved 

Siemens Magnetom Avanto 1.5 T 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.  
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3.4.1. 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 

× 1 mm2, slice thickness = 1 mm repetition time (TR) = 2.73 s, echo time (TE) = 3.48 ms, flip angle (FA) 

= 7◦, field of view (FoV) = 256 mm, and 176 sagittal slices with no gap. 

3.4.2. 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 (EPI), with the following parameterization: voxel size = 3.5 × 

3.5 mm2, slice thickness = 3.5 mm, TR = 2 s, TE = 30 ms, FA = 90°, FoV = 1344 mm, 30 axial slices, 

slice gap = 0.48 mm, and 180 volumes. 

3.5. MRI data preprocessing 

Results included in this manuscript come from preprocessing performed using fMRIPrep 1.4.1 (Esteban 

et al., 2021, 2018) (RRID:SCR_016216), which is based on Nipype 1.2.0 (Esteban et al., 2020; 

Gorgolewski et al., 2011) (RRID:SCR_002502). 

3.5.1. Anatomical data preprocessing 

The T1-weighted (T1w) image was corrected for intensity non-uniformity (INU) with N4BiasFieldCorrection 

(Tustison et al., 2010), distributed with ANTs 2.2.0 (Avants et al., 2008) (RRID:SCR_004757), and used 

as T1w-reference throughout the workflow. The T1w-reference was then skull-stripped with a Nipype 

implementation of the antsBrainExtraction.sh workflow (from ANTs), using OASIS30ANTs as target 

template. Brain tissue segmentation of cerebrospinal fluid (CSF), white matter (WM) and gray matter (GM) 

was performed on the brain-extracted T1w using fast (FSL 5.0.9, RRID:SCR_002823) (Zhang et al., 

2001). Brain surfaces were reconstructed using recon-all (FreeSurfer 6.0.1, RRID:SCR_001847) (Dale et 

al., 1999), and the brain mask estimated previously was refined with a custom variation of the method 

to reconcile ANTs-derived and FreeSurfer-derived segmentations of the cortical gray-matter of Mindboggle 

(RRID:SCR_002438) (Klein et al., 2017)(Klein et al., 2017). Volume-based spatial normalization to two 

standard spaces (MNI152NLin2009cAsym, MNI152NLin6Asym) was performed through nonlinear 

registration with antsRegistration (ANTs 2.2.0), using brain-extracted versions of both T1w reference and 
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the T1w template. The following templates were selected for spatial normalization: ICBM 152 Nonlinear 

Asymmetrical template version 2009c [ (Fonov et al., 2009), RRID:SCR_008796; TemplateFlow ID: 

MNI152NLin2009cAsym], FSL’s MNI ICBM 152 non-linear 6th Generation Asymmetric Average Brain 

Stereotaxic Registration Model [(Evans et al., 2012), RRID:SCR_002823; TemplateFlow ID: 

MNI152NLin6Asym]. 

3.5.2. Resting-state data preprocessing 

Before preprocessing, the first 5 volumes of each fMRI acquisition were discarded. For each subject, the 

following preprocessing steps were performed: First, a reference volume and its skull-stripped version 

were generated using a custom methodology of fMRIPrep. The BOLD reference was then co-registered to 

the T1w reference using bbregister (FreeSurfer) which implements boundary-based registration (Greve 

and Fischl, 2009). Co-registration was configured with nine degrees of freedom to account for distortions 

remaining in the BOLD reference. Head-motion parameters with respect to the BOLD reference 

(transformation matrices, and six corresponding rotation and translation parameters) were estimated 

before any spatiotemporal filtering using mcflirt (FSL 5.0.9, (Jenkinson et al., 2002)). BOLD runs were 

slice-time corrected using 3dTshift from AFNI 20160207 ((Cox and Hyde, 1997), RRID:SCR_005927). 

The BOLD time-series (slice-time corrected) were resampled onto their original, native space by applying 

a single, composite transform to correct for head-motion and susceptibility distortions, and finally 

resampled into MNI152NLin2009cAsym space. Several confounding time-series were calculated based 

on the preprocessed BOLD: framewise displacement (FD), DVARS (rate of change of BOLD signal across 

the entire brain at each frame of data), and three region-wise global signals. FD and DVARS are calculated 

for each functional run, both using their implementations in Nipype (following the definitions by (Power 

et al., 2014)). The three global signals were extracted within the CSF, the WM, and the whole-brain masks. 

Additionally, a set of physiological regressors were extracted to allow for component-based noise 

correction (CompCor, (Behzadi et al., 2007)). Principal components were estimated after high-pass 

filtering the preprocessed BOLD time-series (using a discrete cosine filter with 128s cut-off) for the 

anatomical variant (aCompCor). A mask covering the subcortical regions was obtained by heavily eroding 

the brain mask, which ensures it does not include cortical GM regions. For aCompCor, components were 

calculated within the intersection of the aforementioned mask and the union of CSF and WM masks 

calculated in T1w space, after their projection to the native space of each functional run (using the inverse 

BOLD-to-T1w transformation). Components were calculated separately within the WM and CSF masks. 

For each CompCor decomposition, the k components with the largest singular values were retained, such 



 

77 

that the retained components’ time series were sufficient to explain 50 percent of variance across the 

nuisance mask (CSF, WM, combined, or temporal). The remaining components were dropped from 

consideration. The mean CSF and WM signals, as well as the first 6 aCompCor components, the FD and 

the DVARS were regressed as confounds from the BOLD data using fslregfilt. Movement was considered 

excessive with a mean FD > 0.5 mm (Power et al., 2012), but none of the subjects exceeded this 

threshold and thus no subjects had to be excluded because of this. Finally, fslmaths was used to spatially 

smooth (with a FWHM kernel of 6mm) and band-pass filter (between 0.01 and 0.08 Hz) the resulting 

time-series.  

3.6. Amygdala Seed-Based connectivity 

Seed-based connectivity analyses were performed using FSL (FMRIB Software Library, version 6.0, 

Analysis Group, FMRIB, UK) (Jenkinson et al., 2012; Smith et al., 2004; Woolrich et al., 2009). Individual 

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. Due to the differences in magnitudes, 

all the variables were standardized prior to analysis. 

The left and right amygdala masks were created using the Automated Anatomical Labeling (AAL) atlas 

(Rolls et al., 2015; Tzourio-Mazoyer et al., 2002). 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]. The mean time series of each seed region were extracted for each 

participant and cross-correlated with all other brain voxels’ time series. The association with perceived 

stress (measured by PSS10) was estimated using the FSL randomise function, a non-parametric 

permutation method, considering 5000 permutations and α = 0.05 after threshold-free cluster 

enhancement (TFCE) and family-wise error rate (FWE-R) correction (Winkler et al., 2014). The statistically 

significant clusters obtained were labeled with the AAL2 (Rolls et al., 2015). The BrainNet Viewer software 

was used for visualization of results (Xia et al., 2013). 

3.7. Dynamic functional connectivity 

The dynamic functional connectivity analysis was made using the Leading Eigenvector Dynamics Analysis 

(LEiDA) method, which captures recurrent patterns of phase-locking between brain areas (Cabral et al., 

2017; Vohryzek et al., 2020). Importantly, it allows estimating the probability of occurrence of each phase-
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locking pattern in each fMRI scan, providing a quantitative measure to compare with perceived stress 

(measured by PSS10 scores). 

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 computed using the Hilbert transform. After removing the first and 

last time points, at each of the T=178 time points, an instantaneous NxN functional connectivity matrix 

was computed as the cosine of the phase difference between each pair of brain regions, and the 1xN 

leading eigenvector (i.e., associated to the largest magnitude eigenvalue) was saved for each time point, 

generating a NxT 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 (Lord et al., 2019; Vohryzek et al., 2020). 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).  

 

4. Results 

4.1. Cohort Characterization 

The participants' socio-demographic, psychological, and volumetric brain characterization (left and right 

amygdala, total GM, and eTIV) are presented in Table 1. Additionally, the descriptive statistics of all cortical 

and subcortical regions can be consulted in Supplementary Table A1.
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Table 1. Demographic and psychological characterization of participants. Demographic, psychological and brain morphometry characterization of the 

population included in this study. 

 Demographic  Psychological  Brain Volume (mm3) 

Global 
population 

N (%) Age (years)  
Perceived Stress 

(PSS10) 
 Right amygdala Left amygdala Total GM eTIV 

252 (100%)      
min  15  1  9.46x102 8.50x102 4.39x105 1.14x106 
max  84  34  2.62x103 2.14x103 8.35x105 1.99x106 

Mean ± SD  39.2 ± 21.20  15.4 ± 6.82   1.43x103 ± 2.21x102  1.35x103 ± 2.10x102  6.27x105 ± 7.77x104  1.56x106 ± 1.65x105 

Male 109 (43.3%)      
min  15  2  1.04x103 1.01x103 5.05x105 1.24x106 
max  80  29  2.62x103 2.14x103 8.35x105 1.99x106 

Mean ± SD  42.6 ± 21.72  14.3 ± 6.44   1.55x103 ± 2.42x102  1.45x103 ± 2.08x102  6.53x105 ± 8.25x104  1.66x106 ± 1.58x105 

Female 143 (56.7%)      
min  15  1  9.46x102 8.50x102 4.39x105 1.14x106 
max  84  34  1.73x103 1.69x103 7.37x105 1.80x106 

Mean ± SD 
 

36.7 ± 20.51  16.3 ± 7.00  1.35x103 ± 1.57x102 1.28x103 ± 1.76x102 6.07x105 ± 6.76x104 1.49x106 ± 1.23x105 

eTIV. Estimated Intracranial Volume; GM. Gray matter; SD. Standard Deviation. 
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A Mann-Whitney U test indicated that no age differences were found between sex (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). 

4.2. Static Seed-Based connectivity 

A positive association between PSS10 scores and right amygdala seed-based connectivity was observed 

within 17 clusters. As illustrated in Figure 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), a region known for its involvement in emotional processing 

and behavior regulation. 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, as expected due to their size. 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 voxels 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. 
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Figure 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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Table 2. Clusters resulted from the regression analysis between the right amygdala seed-based connectivity and PSS10 scores. 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 randomise 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). 
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When exploring the positive association between PSS10 scores and left amygdala seed-based 

connectivity, we found no significant result for the statistical significance of α = 0.05. Nonetheless, when 

changing statistical significance for α = 0.1 to further investigate the tendency of association, we found a 

cluster peaked in the 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 

(Figure 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 Figure A1.  

There were no significant negative associations between PSS10 scores and right amygdala seed-based 

connectivity, nor between PSS10 and left amygdala seed-based connectivity. 

4.3. Dynamic Functional Connectivity 

The LEiDA analysis revealed a particular pattern of phase-locking between brain areas whose probability 

of occurrence was 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 Figure A2 for details about all states found and 

Supplementary Table A2 for all the p-values and correlation coefficients). 

As shown in Figure 2A, this pattern is characterized by a phase shift in the fMRI signals of the left and 

right hippocampus, the left and right amygdala, the left and right parahippocampal gyrus, 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 (Figure 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 Figure 2A) is strongly phase shifted with respect to the areas in 

blue.  
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In subfigures B1 and B2 of Figure 2, an example of two subjects with distinct PSS10 scores are presented 

(Subject 1 with PSS10 = 30, and Subject 2 with PSS10 = 4). By focusing on the gray patches (which 

identify the periods of state occurrence), we observed that the significant state was less dominant in 

stressed Subject 1 (only 2 small periods) than in the non-stress Subject 2 (5 times and in more extended 

periods). In addition, when looking at the BOLD signals, a higher synchronization is observed in stress 

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).
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Figure 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 panel A. The grey 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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5. 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 the 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 tendency of increased connectivity between the left amygdala and 

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 (Cerqueira et al. 2008; Killgore, 2013). 

Curiously, our data also highlight the relevance of distinct patterns of brain hemispheric connectivity in 

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) (Johnstone et al., 2007). 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 (Killgore, 2013). Moreover, in a meta-analysis on brain 

activity in response to stress, the bias of the right hemisphere activation of the neural correlates of stress 

is also noticed, particularly in the right superior temporal gyrus (STG) and IFG (Kogler et al., 2015). 

Therefore, our data seems to reflect the contrast between the right hemisphere dominance on stress 

regulation and emotional processing, contrasting to the left prominence on linguistic and motor functions 

(Cerqueira et al., 2008). 

Our findings contrast with a research with a smaller sample size, in which the right amygdala-ventromedial 

prefrontal cortex (vmPFC) FC was negatively related in young adults, without significant correlations being 

observed in adults (Wu et al., 2018). Furthermore, inconsistencies are emphasized by another study in 
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which stronger resting-state connectivity between the left, and not the right, amygdala and (bilateral) 

regions such as MFG, anterior cingulate and thalamus, is observed in subjects with higher levels of 

discrimination (Clark et al., 2018).  

From a higher-level perspective, our seed-based results show alterations in the frontoparietal network, 

which is known to be involved in several regulation processes (Banks et al., 2007; Marek and Dosenbach, 

2018). Most importantly, changes in fronto-limbic and fronto-parietal circuits have been linked to 

numerous stress-related psychopathologies (Banks et al., 2007; Berboth and Morawetz, 2021; Cerullo et 

al., 2012; Johnson et al., 2018; Li et al., 2015; Marek and Dosenbach, 2018). Indeed, rather than 

hamper specific individual brain regions’ mechanisms, stress affects the connectivity within  brain circuits 

causing a global impact at the neuromatrix (Sousa, 2016). To confirm the stress repercussions at the 

network level, the study of dynamic connectivity is of value.  

Whereas static connectivity tells us, on average, how synchronized were two brain regions (spatial 

resolution but no temporal definition), the dynamic analysis identifies brain states resulting from 

spontaneous fluctuations of brain activity, thus providing spatiotemporal information (Bassett and Sporns, 

2017; Biswal et al., 1995; Menon and Krishnamurthy, 2019).  

Using LEiDA, besides the identification of most dominant brain states, it is possible to distinguish which 

patterns (or states) associate with variables of interest (Cabral et al., 2017; Magalhães et al., 2021). 

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 clinical 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 (Kolassa et al., 2007). Using a combination of static and dynamic techniques, another 

research highlighted the activity of frontal and parietal regions as biomarkers of negative stress (García-

Martínez et al., 2020). 

When combining static with dynamic connectivity results, we demonstrate 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 
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intermediate synchronization or desynchronization (not in the extremes), our results follow previous 

evidences supporting the critical brain hypothesis (Fontenele et al., 2019). 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 (Beggs and Timme, 2012). 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 (Beggs and Timme, 

2012).  

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). The conductance of 

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 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 reveals 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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Supplementary Figure A1. Association of the left amygdala seed-based connectivity with PSS10 scores for a statistical significance of α = 0.1. Left amygdala 
seed-based analyses did not reveal statistical significance for α = 0.05. When changing statistical significance for α = 0.1 to explore the tendency of association between PSS10 
scores and the left amygdala seed-based connectivity, a cluster in the Superior Frontal Gyrus (SFG) [peak in x = 24, y = 56, z = 14 (in mm); cluster size = 36; cluster mean p-
value = 0.07] was found. Importantly, this cluster overlaps with the cluster number 1 of Figure 1, which has shown the highest connectivity strength with right amygdala when 
exploring the positive associations of right amygdala seed-based connectivity with PSS10 scores.  
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Supplementary Figure A2. Results 
from the association of LEiDA 
states with the PSS10 scores. Phase 
lock states of LEiDA analysis and 
significance for state probability for all k’s 
between 2 and 20. A) Sagittal view over 
a mesh of the areas composing each 
state colored according to most 
represented resting state network (RSN). 
The background of states with 
significance surviving a threshold of p < 
0.05 are colored in light red with the 
representation of the respective p-value. 
States surviving a threshold of p < 0.05 
after multiple comparisons correction 
have their background colored in dark 
yellow with underlined p-values. B) Plots 
of the uncorrected p-values for each state 
of all k iterations. The red line indicates 
the threshold of p < 0.05, and the orange 
line represents the threshold for 
significance after multiple comparisons 
correction for the number of k states. C) 
Color code of each RSN. Representation 
of the 7 Yeo RSN, plus an additional 
subcortical network 
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Supplementary Table A1. Descriptive statistics of cortical, subcortical, and global brain volumes (in mm3). 
Volumes presented below are representative of a Portuguese population and were computed using the fMRIprep 
FreeSurfer derivatives. 
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Supplementary Table A2. Results from the probability of state occurrence associated with PSS10 scores.  Representation of the uncorrected and corrected 
statistical significance, plus the correlation coefficient for each K clustering level (lines) and S state (columns), in first, second and third rows, respectively. Statistical significance 
was stablished for α = 0.05. Statistically significant p-values are presented in bold and underlined. Multiple comparisons correction was made considering the number of states 
for each k clustering level. States that survive correction for multiple comparisons are highlighted in gray. 
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1.  Discussion 

Stress is a significant precursor of several psychiatric diseases (Kim et al., 2007; Lucassen et al., 2014; 

Sousa, 2016; Welberg, 2014). Notably, the perception of stress is increasing day by day (Fett et al., 

2019; Lederbogen et al., 2011), being estimated that 1 out of 5 years is lived with incapacity due to 

mental disorders (World Health Organization, 2021). 

Starting as a multisystemic reaction with the primary involvement of the HPA axis, the stress response 

usually helps individuals overcome unpredictable situations. However, exposure to chronic stress may 

cause the dysregulation of internal mechanisms, usually resulting in sustained increases in corticosteroid 

levels due to HPA hyperactivation (Arborelius et al., 1999; Pêgo et al., 2009). Notably, brain regions 

enriched by GR (such as the amygdalae and hippocampus) are more susceptible to this persistent GC 

increase (Sousa et al., 2008). In the long run, these maladaptive stress reactions may exacerbate disease 

development (Lucassen et al., 2014; Sousa, 2016). 

Despite the remote interest of researchers and clinicians in the link between stress and mental health, 

most stress neuroimage literature relates to clinical samples. Notably, even sharing the same precursor, 

each neuropsychiatric condition presents unique characteristics. Thus, it is of major relevance to explore 

how the stressed, however healthy, brain behaves before it crosses the breakout point in which pathology 

emerges.  

With the previous questions in mind, this Thesis aimed to provide new insights into the changes induced 

by stress (particularly perceived stress) on the healthy brain. Considering the possible emergence of new 

in-vivo biomarkers, herein, we used a sizeable non-pathological cohort with a broad age range to explore 

the interaction between PSS10 scores and the brain’s structure and functioning. In the following 

paragraphs, we will describe the primary contributions of this Thesis and discuss how our findings might 

be incorporated (and enriched) the current literature on the field. For easy understanding and 

contextualization, major results of each Chapter were combined with the summary table of the 

introductory Chapter 1 (Table 1 of Section 5) in the following Table.  We denote that the contributions of 

this Thesis are highlighted in gray.  



 

105 

Table 1. Contribution of these Thesis findings to the current state-of-the literature related to the impact of perceived stress (measured by PSS10) on the 
healthy brain. 

 

Type of study Study N (Females) Age (SD) PSS (SD/*SE) Methods Findings in structural and rs-fMRI 

Structural cross-
sectional 

(Li et al., 2014) 304 (166) 19.2 (1.24) 23.10 (6.48*) WB GMV and WMV (VBM) 
↑PSS: ↑GMV L/R Parahippocampal G, FC, Entorhinal C; ↓GMV R Insular C; ↓WMV Corpus 
Callosum 

(Sherman et al., 2016) 40 (27) 67.2 (5.1) 9.53 (5.2) Amy GMV (ROI) ↑PSS ↑Amy (total and L/R) 

(Moreno et al., 2017) 28 (14) 78.41 (4.1) 13.1 (5.1) 
PFC, OFC, Hip, Amy GMV 

and WMV (ROI) 
↑PSS: ↓Overal R/L PFC; ↓L/R WM in PFC, vlPFC, dlPFC; ↓L WM vmPFC; ↓R WM OFC; ↓L/R 
GM vlPFC 

(Wu et al., 2020) 26 (13) 36.74 (5.23) 23.38 (8.84) WB GMV (VBM) 
PSS x Age interaction in insula, OFC and L Amy 
↑PSS ↓OFC, insula, L Amy in adults 

Chapter 2 
 (Caetano et al., 2021) 

50 (35) 24.30 (1.81) 26.2 (7.14) 
Subcortical GMV (VBM 

and ROI) 
↑PSS VBM: ↑R Amy, R Hip, R Putamen; ↑L Hip, L Amy; ↑R Pallidum, R Accumbens-area 
↑PSS ROI volume: ↑R Amy, R ant Hip 

Chapter 3 
(in submission) 

272 (157) 38.3 (20.85) 16.5 (7.85) Amy GMV (ROI) ↑PSS ↑R Amy 

Structural 
longitudinal 

(Hölzel et al., 2010) 26 (15) 35.2 (6.7) 
Pre: 20.7 (5.6) 
Pos: 15.2 (4.7) 

WB GMV (VBM) ↓ PSS ↓ R Amy 

(Soares et al., 2012) 
Case: 12 (6) 

Control: 12 (6) 
Case: 23.9 (0.70) 

Control: 23.6 (2.11) 

Case Pre > Case Pos 
 Case Pre > Control 
Case Pos ≈ Control 

Corticostriatal GMV (ROI) 
Case Pre vs Controls: ↑PSS ↓ R Caudate ↑L/R Putamen ↓L medial OFC; ↑ Caudate-to-
putamen ratio in controls 
Case Pre vs Case Pos: ↓PSS caused recovery of Caudate, Putamen and OFC 

(Joss et al., 2020) 21 (16)  26.05 (2.25)  
Pre: 22.421 (8.375) 
Pos: 16.895 (8.055) 

Hip GMV (VBM) ↓ PSS ↑L Hip 

(Joss et al., 2021) 15 (12) 26.27 (0.47) 
Pre: 19.7 (2.91) 
Pos: 12.5 (2.91) 

Amy GMV (VBM) ↓ PSS ↑L Amy 

Appendix A 
(congress publication)  

21 (10) 24 (1.5) 

M1: 21.0 (7.12) 
M2: 21.6 (7.10) 

M1 + M2: 21.3 ± 7.03 
|PSS1-PSS2|= 5.2 ± 3.97 

R Amy GMV (ROI) 
M1: model not significant 
M2: model significant (but only a trend ↑PSS ↑R Amy) 
M1+M2: model significant and ↑PSS ↑R Amy 

Structural and 
Functional 

(Soares et al., 2013a) 
Case: 8 (6) 

Control: 8 (6) 
Case: 23.86 (0.35) 

Control: 24.25 (1.98) 
Case > Control 

rs-networks ICA 
rs-networks GMV (ROI) 

↑ rs-networks FC Case vs Controls (↑PSS) in: DMN: mPFC, medial OFC, pCC and 
precuneus; DAN: S parietal, R middle occipital and L medial and SF; VAN: L angular, S parietal 
and middle F; SMN: L paracentral lobule, precentral, R postcentral and the L cerebellum; VN: 
Calcarine 
↓rs-networks GMV Case vs Controls (↑PSS) in: DMN: L pCC, L/R parietal I 

(Soares et al., 2013b) 
Case: 6 (3) 

Control: 6 (3) 
Case: 23.83 (0.37) 

Control: 24.33 (1.24) 

Case Pre: 35.50 (2.59) 
Case Pos: 30.00 (3.03) 
Control: 30.17 (4.49) 

rs-networks ICA 
rs-networks GMV (ROI) 

↓ DMN GMV (L pCC and R Parietal I) in Case Pre vs Controls (↑PSS) 
↑ rs-networks FC Case Pre vs Case Pos (↑PSS) in: DMN: L aCC, L medial OFC, R 
precuneus, L Lingual; VAN: L I/S Parietal, R middle and S F; Sensorimotor: L Cerebellum 
↓ rs-networks FC Case Pre vs Case Pos (↑PSS) in: DAN: R I Parietal, R Supramarginal, R 
FI opercularis, R Precentral; AN: L Temporal S 
≈ PSS but ↑ rs-network FC Case Pos  vs Controls in: DAN: L Occipital S, L Parietal S, R 
Parietal S, R Postcentral, L middle and S F,  L/R F I opercularis, L/R Precentral; VAN: L Parietal 
I, L/R Angular; Sensorimotor: L/R Precentral, L Paracentral, R Postcentral, L/R Cerebellum 
≈ PSS but ↓ rs-network FC Pos < Controls in: DMN: R ACC; VAN: L/R Parietal I, L 
Angular, L/R F middle, L F I Triangularis 

(Soares et al., 2017) 104 (52) 65.20 (8.07) 21.49 (8.18) 
DMN ICA 

DMN GMV (ROI) 
↑PSS (trend for ↓ DMN GMV) ↑DMN FC in L FSG and medial OFC, middle CG, occipital middle 
G; and in R middle FG, posterior CC and precuneus 
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Table 1. (Continuation) 

 

 

Type of study Study N (Females) Age (SD) PSS (SD/*SE) Methods Findings in structural and rs-fMRI 

Functional  

(Taren et al., 2015) 130 (59) 40.15 (6.14) 13.3 (6.1) Amy seed-based FC 
↑PSS: ↑FC R Amy - R subgenual ACC; ↑FC L Amy: L subgenual ACC, L parahippocampal G, R 
S Temporal, L Insula, R Perigenual A Cingulum 

(Archer et al., 2018) 26 (22) 
M: 45.04 (13.25) 
F: 48.81 (15.21) 

M: 11.37 (5.68) 
F: 12.59 (6.04) 

Amy, Hip and ACC seed-
based FC 

↑ PSS rs-fMRI in Females: ↑ FC in L ACC - L/R MCG and in  R ACC - L/R MCG; ↓ FC in L 
Hip - L/R Precuneus and in R Hip - L ITG/MTG/FG 
↑ PSS-FC association in F>M in: L Amy - R Paracentral Lobule and L Hip - L MFG 
↑ PSS-FC association in M>F in: L /R ACC - L Cerebellum Lobule VIIIA 

(Wu et al., 2018) 
Young adults: 22 (9) 

 Adults: 21 (9) 
Young adults: 19.55 (0.43) 

Adults: 35.21 (4.19) 
Young adults: 23.14 (6.18) 

Adults: 21.24 (7.84) 
Amy seed-based FC 

PSS x Age interaction in R Amy FC with subgenual ACC and vmPFC: 
Young adults: ↑PSS ↓R Amy-vmPFC FC (trend ↓R Amy- subgenual ACC FC) 
Adults: no significant correlations were found 

(McDermott et al., 2019) 22 (14) 71.2 (9.61) 9.7 (6.6) Hip seed-based FC ↓PSS ↑ FC L Hip - L Parietal Lobe 

Chapter 4 
(in submission) 

252 (143) 39.2 (21.20) 15.4 (6.82) 
Amy seed-based FC 
LEiDA (dynamic FC) 

↑PSS ↑R Amy FC: PFC (mainly R), R Precuneus, R anterior and middle cingulate 
Trend ↑PSS ↑L Amy - R PFC FC 
↑PSS ↓occurrence of an activity pattern in which amygdala and hippocampus signals evolve in 
opposite directions with respect to the rest of the brain 
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As a starting point for this Thesis, a review of the neuroimaging studies regarding the effects of perceived 

stress (measured by PSS10) on the morphology and function of the healthy brain was performed (Chapter 

1, Section 5). Interestingly, a clear link between stress perception and the brain’s structure (and 

functioning) was observed, albeit revealing some disparities. For example, whereas some studies showed 

positive associations with subcortical regions, such as the amygdala and hippocampus (Hölzel et al., 

2010; Sherman et al., 2016), others failed in showing these associations (Joss et al., 2021, 2020; 

Moreno et al., 2017; Wu et al., 2020).  

As a way of clarifying discrepancies observed in the literature, we decided to design a robust study that 

considered the use of distinct volumetric techniques as a way of increasing the trustfulness of results. 

Thus, in Chapter 2, we explored the association between perceived stress and the volumetry of subcortical 

regions (which are the most predisposal to be affected), using FSL-VBM and FreeSurfer methods. In line 

with the works of Hölzel and Sherman (Hölzel et al., 2010; Sherman et al., 2016), we saw that increased 

levels of perceived stress (measured by PSS10) positively associate with the volume of the right amygdala, 

with a similar trend on the left hemisphere not being replicated in FreeSurfer Analysis (which was more 

restrictive than the FSL-VBM). Furthermore, a significant association with the anterior hippocampal 

volumes was observed, which seems to complement Li et al.'s observations regarding the 

parahippocampal-PSS10 association (Li et al., 2014). Notably, the work of Chapter 2 confirmed the great 

physiological relevance of the PSS10 metric, as well as the strong link between stress perception and 

amygdala size, in which we decided to focus on.  

Following the hint of Chapter 2 (i.e., the replicability of the amygdala-PSS10 link across FSL-VBM and 

FreeSurfer methods), we decided to uphold our conclusions by reevaluating a subgroup of 21 participants 

8 months after the first assessment (Work presented in Appendix A – 34th ECNP Congress Poster). Shortly 

after having two acquisitions per subject, we explored the association of amygdala volume and PSS levels 

in: a) moment 1; b) moment 2; c) and combining the data from both moments. When analyzing moments 

1 and 2 individually, only a positive trend of association was observed. Importantly, when gathering all 

the MRI acquisitions in the same analysis as a way of increasing the statistical power (Goulet and 

Cousineau, 2019), the dependence between amygdala size and PSS scores was (statistically significantly) 

highlighted. Therefore, these results seem to indicate that this positive relationship is stable across time, 

at least in young adults.  
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Although considering the importance of the studies mentioned above (and their particular contribution to 

set aside some of the discrepancies observed in the literature), stress has become pervasive, and it is no 

longer limited to a specific age range or life stage. Notably, the association between amygdala size and 

stress perception was observed in young (Hölzel et al., 2010) and older adults (Sherman et al., 2016) 

individually, but none of these studies considered stress and life as a continuum. Therefore, in Chapter 

3, using a sizeable cohort with a broad age range, we were able to add the life span component, which 

is missed by the narrow age-ranged studies like the ones presented in the literature (Hölzel et al., 2010; 

Li et al., 2014; Moreno et al., 2017; Sherman et al., 2016). Indeed, being a transversal study across life 

instead of a longitudinal one, Chapter’s 3 work was the first evaluating the interaction between the 

amygdala-PSS link and age, considering a representative population from young adults to elderly subjects. 

Herein, we show that besides stability across time, the association between stress perception and 

amygdala volume is also stable across age. Interestingly, significance was only observed in the right 

amygdala, highlighting the right hemisphere’s prominence on emotional and affective functions, which 

has previously been discussed in Chapter 2 (Cerqueira et al., 2008). Notably, our findings continue to 

contradict Wu et al. observations, with no interactions between this association and age being observed 

(Wu et al., 2020). Nonetheless, the sample size of our cohort, which is particularly emphasized when 

compared with the study of Wu and colleagues (Wu et al., 2020), as well as the use of the more restrictive 

technique (FreeSurfer), supports the robustness of this study, as well as the confidence that we have on 

our results.  

At this point, with irrefutable evidence on the association between amygdala size and stress perception, 

we decided to investigate how stress relates to brain functioning (and particularly on the interaction 

between perceived stress and amygdala connectivity). Interestingly, excluding the previous works 

developed by our group (in which an Independent Component Analysis was used to ascertain the impact 

of stress in resting-state networks) (Soares et al., 2017, 2013b, 2013a), all other groups have focused 

their functional investigations in seed-based connectivity analysis, mainly in the amygdala and 

hippocampus (key regions involved in the stress response) (Archer et al., 2018; McDermott et al., 2019; 

Taren et al., 2015; Wu et al., 2018, p. 201). Therefore, in Chapter 5, we started by conducting an 

amygdala seed-connectivity analysis using the same sizeable cohort. Herein, we saw that increases in 

perceived stress are followed by increases in amygdala connectivity with frontal regions, which reinforces 

the pathological effect of in-phase synchronicity between subcortical and cortical regions. Notably, this 

result seems to go in line with the Taren et al. (Taren et al., 2015) observations but, again, are not 
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consistent with Wu’s research (Wu et al., 2018). Although our result withstands a relevant pattern of 

static connectivity (Banks et al., 2007; Berboth and Morawetz, 2021; Johnson et al., 2018), they do not 

provide any information about the temporal dynamics of the brain, which are crucial to evaluate the stress 

repercussions at the neuromatrix (Sousa, 2016). Therefore, and considering that no other work in the 

literature has explored the association of PSS10 scores with brain functional dynamics, we decided to 

disseminate the effects of perceived stress on brain functioning using LEiDA. This whole-brain data-driven 

method revealed that perceived stress is associated with a reduced occurrence of a pattern in which the 

amygdala and hippocampal signals grow in opposite directions to the rest of the brain. Importantly, this 

new finding is of great relevance as it shows the protective effect of counterbalanced (i.e., phase-shifted) 

activity between brain subsystems (Alonso Martínez et al., 2020; Figueroa et al., 2019).  

Altogether, our findings highlight the involvement of the amygdala and hippocampus in stress response 

(both at morphological and at functional levels). Indeed, morphological associations in the hippocampus 

were not as strong as amygdala observations. However, when considering solely the anterior 

hippocampus in FreeSurfer analysis, results showed significance (see Chapter 2 for details). Indeed, there 

is a dichotomy between the functional role of anterior (more emotional) and posterior (more cognitive) 

components of the hippocampus (Pinto et al., 2015; Strange et al., 2014). This contrast deeply relates 

with hippocampal molecular, structural, and circuitry levels, in which the amygdala also has a crucial role 

(Wang, 2017; Zhang et al., 2021). 

Briefly, the amygdala is composed of three main subnuclei: the basolateral amygdala (BLA), the central 

amygdala (CeA), and the medial amygdala (MeA). Notably, each sub-compartment has distinguished 

functions, mediating excitatory (BLA, anxiogenic) or inhibitory (CeA and MeA, anxiolytic) indirect pathways, 

which will ultimately result in the activation or deactivation of the HPA axis (see the supplementary 

material of (Picó-Pérez et al., 2019) and the work of (Zhang et al., 2021) for details). The hippocampus 

can also be transversally divided into three main sections: CA1, CA3, and dentate gyrus (DG) (Wang, 

2017). Importantly, in situations of chronic stress, there is a circuit-specific remodeling of BLA excitatory 

projections to the ventral hippocampus (Zhang et al., 2021), and particularly to the ventral CA1 portion 

(Wang, 2017), in which synaptic outgrowth, input integration, and neuronal activity, will ultimately cause 

increased anxiety (Sousa and Almeida, 2012; Zhang et al., 2021). Moreover, it has also been shown that 

ventral CA1-PFC inputs are activated in anxiety-related behaviors (Ciocchi et al., 2015). Thus, our 

morphological results can be a consequence of this neuronal remodeling, with LEiDA findings providing 
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new insights on how increases in stress perception levels condition the amygdala-hippocampal 

subsystem.   

In summary, this Thesis revealed the existence of a strong link between amygdala size and stress 

perception, which positive association is stable across time, and across age. It also shows that increases 

in perceived stress relate to increases in amygdala-cortical connectivity and decreases in the occurrence 

of a pattern of counterbalanced activity between the amygdala-hippocampus subsystem and the rest of 

the brain. Therefore, the initial hypothesis of this Thesis was verified, with stress perception exhibiting a 

substantial interaction both with brain morphology and functioning.  

 

2. Future perspectives 

This Thesis provided new insights on how perceived stress impacts brain morphology and functioning. 

However, there is still a large spectrum of questions we would like to address in future studies. Firstly, 

we would like to replicate our functional analysis in other cohorts. Considering that LEiDA is a data-driven 

method, we would like to confirm if the same functional amygdala-hippocampus subsystem is 

reproducible in other healthy populations. In addition, using LEiDA in clinical cohorts of stress-related 

diseases could also help us ascertain if this subsystem is a common trait of pathological stress. Other 

options include the conductance of further research to unravel other/new biomarkers of the stressed 

brain. Herein, we can opt by exploring new methods (as the analyses of fiber pathways by diffusion tensor 

tractography) or by reviewing measures that are still undeveloped in the current literature (for instance, 

WM volumetry)(Li et al., 2014; Moreno et al., 2017). Importantly, we would like to combine all this 

information to develop a predictive model of stress degree. Then, perform a longitudinal study to evaluate 

the model’s efficacy both as an output for risk assessment and as a tool of therapy improvement. 
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Amygdala size associates with stress perception 

Background: Stress is largely understood as an individual and subjective perception. Indeed, depending 

on its type, duration, and individual vulnerability, the variable response of the subject to the stressor can 

be partially measured. In our group's recent work, we have shown an association between amygdala size 

and perceived stress, in a healthy cohort of young adults [1]. Herein we uphold our conclusions by 

observing a similar association in a subset of participants that have performed a second MRI scan in a 

different moment. 

Methods: In the present study, 21 healthy participants recruited at the School of Medicine, University 

of Minho, performed two individual evaluation sessions, with, at least, 8 months of span. In each session, 

a psychological characterization using the 10-items Perceived Stress Scale (PSS) [2] was made as well 

as a structural MRI scan. The imaging sessions were conducted at Hospital of Braga (Braga, Portugal) on 

a clinical approved Siemens Magnetom Avanto 1.5 T MRI scanner (Siemens Medical Solutions, Erlangen, 

Germany), using a 12-channel receive-only head coil. The 3D magnetization prepared rapid gradient echo 

(MPRAGE) were acquired with a repetition time (TR) = 2.7 s, echo time (TE) = 2.73 ms, 176 sagittal 

slices with no gap, field-of-view (FoV) = 256 mm, flip angle (FA) = 8º, in-plane resolution = 1.2 × 1.2 mm2 

and slice thickness = 1.2 mm. After visual inspection, image preprocessing was made using fMRIPrep 

version 1.4.1 [3]. Then, the FreeSurfer derivatives of the fMRIPrep were used to compute individual 

volumes. For statistical analysis, both the SPSS version 23 (IBM, SPSS, Chicago, IL, USA), and JASP 

version 0.11.1 were used. For exploring the association between amygdala and perceived stress, 

multilinear regression models with volume as the dependent variable and PSS scores, age and sex as 

independent variables were established. 

Results: Between the first and the second moment, the psychological state of the subjects differed (mean 

PSS difference = 2.6 +/- 3.8). The model computed exclusively with the data acquired on first sessions 

shows a positive association tendency between amygdala size and perceived stress scores, not achieving 

statistical significance (N = 21, PSS = 21.048 +/- 7.124; R = 0.431, Adj R2 = 0.186, p = 0.310). On the 

second sessions model (N = 21, PSS = 21.571 +/- 7.03; R= 0.605, Adj R2 = 0.255, p = 0.047), the 

statistical significance of the PSS independent term shows a positive association without achieving 

significance (B = 0.001, t = 2.025, p = 0.059). Including both sessions on a global model (N = 42, PSS 

= 21.310 +/- 7.031; R = 0.488, Adj R2 = 0.178, p = 0.015), the positive association between amygdala 

volumes and perceived stress is verified (B = 0.001, t = 2.031, p = 0.049). 
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Conclusions: Our results sustain our previous work conclusions, in which a positive association between 

amygdala size and perceived stress scores is observed. Importantly, this relationship is observed when 

including subjects assessed at different timepoints, with distinct perceived stress levels.  
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