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Abstract: Exposure to acute and chronic stress has a broad range of structural effects on the brain.
The brain areas commonly targeted in the stress response models include the hippocampus, the amyg-
dala, and the prefrontal cortex. Studies in patients suffering from the so-called stress-related disorders
-embracing post-traumatic stress, major depressive and anxiety disorders- have fairly replicated animal
models of stress response -particularly the neuroendocrine and the inflammatory models- by finding
alterations in different brain areas, even in the early neurodevelopment. Therefore, this narrative re-
view aims to provide an overview of structural neuroimaging findings and to discuss how these studies
have contributed to our knowledge of variability in response to stress and the ulterior development of
stress-related disorders. There are a gross number of studies available but neuroimaging research of
stress-related disorders as a single category is still in its infancy. Although the available studies point
DOI: at particular brain circuitries involved in stress and emotion regulation, the pathophysiology of these
10.2174/1370159X21666230703091435 abnormalities -involving genetics, epigenetics and molecular pathways-, their relation to intra-

@ CrossMark individual stress responses -including personality characteristics, self-perception of stress condi-

tions...-, and their potential involvement as biomarkers in diagnosis, treatment prescription and prog-
Keywords: Brain morphology, stress response systems, basolateral amygdala, PTSD, HPA.

ARTICLE HISTORY

Received: November 01, 2022
Revised: January 04, 2023
Accepted: January 23, 2023

nosis are discussed.

1. INTRODUCTION the context of the global pandemic, a highly stressful-laden
scenario, where increased prevalence has been notably de-
tected [5]. While stress is a normal human reaction, research
on the biology of stress has extensively shown that body and
brain health can be derailed by excessive or prolonged acti-
vation of stress response systems. The so-called ‘toxic stress’
[6] has therefore been considered to damage the architecture
of the developing brain [7] and to alter structural and func-
tional areas of the mature central nervous system.

Stress-related disorders embrace a group of clinically
distinct but strongly interlinked disorders ranging from post-
traumatic stress and anxiety to major depressive disorders
[1, 2]. With a high estimated global and lifetime prevalence
[1, 2], it significantly contributes to the world disease burden
and disability [3, 4]. This impact has even been magnified in
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Along with Post-traumatic Stress Disorder (PTSD), Ma-
jor Depressive Disorder (MDD) and Anxiety Disorders are
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commonly referred to as ‘stress-related disorders [8, 9]. Be-
yond having acute and chronic stress as a precipitating fac-
tor, they share many features in their clinical expression and
display significant comorbidities among them. Indeed, a
common genetic etiology has been suggested to account for
the comorbidity among stress-related disorders as family and
twin studies have described substantial heritability (above
25%) and shared genetic liability [10-12]. To further support
such commonalities, there exist shared pharmacological re-
sponse patterns, i.e., both SSRIs and SNRIs are first-line
options for the treatment of PTSD, major depression, or anx-
iety disorders. Although these disorders also present specific
dimensions that might not be shared among them, which
confer different subtypes within each diagnostic category,
especially MDD, possibly casting doubt on such common
neurobiological underpinnings [13-15], multidimensional
models derived from comprehensive descriptions of micro to
macro factors may represent an opportunity [16].

Herein, this narrative review aims at determining whether
structural brain changes are truly common across stress-
related disorders, by describing the most accepted neurobio-
logical mechanisms of animal models that may be under-
neath the most consistent structural neuroimaging findings in
the developing brain, PTSD, MDD, and anxiety disorders.
Based on a previous meta-analysis published on structural
brain correlates in major depression, anxiety disorders, and
post-traumatic stress disorder [17] a non-comprehensive se-
lection of studies that complemented the findings of this me-
ta-analysis was carried out in order to discuss to what extent
the effects of stress in animal models converge into identifi-
able changes in brain structure, what is the potential mecha-
nism involved, and whether these changes are akin to those
observed in humans. A literature search of structural neu-
roimaging studies including subjects with normal developing
brains, PTSD, MDD, and anxiety disorders was conducted in
PubMed, Web of Knowledge, ScienceDirect, and Scopus da-
tabases. The search keywords were: morphometry OR struc-
tural OR VBM OR voxel-wise AND depression OR anxiety
disorder OR panic disorder OR phobia OR agoraphobia OR
stress disorder OR posttraumatic stress disorder. For animal
models of stress-related disorders, a separate search was per-
formed provided that the previous search scarcely detected
any study. The keywords were: Animal models AND stress-
related disorders OR depression OR anxiety OR post-
traumatic stress disorder AND HPA axis OR glucocorticoids
OR chronic stress OR acute stress OR proinflammatory cy-
tokines OR brain structural changes.

2. ANIMAL MODELS OF STRESS-RELATED DIS-
ORDERS

Some of the critical factors in animal models that could
define the threshold for the onset of phenotypes compatible
with the symptoms of stress-related disorders are the stress
type, severity, duration, frequency, variability, and predicta-
bility of stress, with special attention to the individual differ-
ences in stress perception [18-21]. In general, it is considered
that acute stress elicits PTSD-like animal models, chronic
exposure to stress evokes MDD-like models [18, 22] where-
as approach-avoidance situations and conditioned fear re-
sponses, anxiety-like animal models [23].
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PTSD-like models are based on physical or psychological
stressors applied individually or in combination. Some of the
criteria for the validity of PTSD translational models pro-
posed by Yehuda & Antelman [20] are PTSD-like biological
and behavioural outcomes, intensity-dependent responses,
and persistence of the PTSD-like phenotype over time. Addi-
tionally, severe and predominantly emotional stressors seem
to be more adequate since stressors with a prominent physi-
cal component, such as foot or tail shocks, can cause injuries
that could affect motivation and locomotion altering behav-
ioural measures [24]. For instance, immobilization (IMO) is
a severe predominantly emotional stressor in rodents as
measured by the physiological responses it elicits [25, 26]
and its acute application has been shown to induce long-term
consequences in behavior and memory compatible with
PTSD symptoms [26-28]. In addition, PTSD-like effects of
IMO have been associated with changes in synaptic plastici-
ty in the hippocampus [29] and medial prefrontal cortex
(mPFC) [30].

The use of animal models has been crucial for the under-
standing of the neuroanatomy, neurophysiology, and the
molecular processes underlying MDD [31-34]. However, the
validity of animal models of MDD has been classically based
on the responses to antidepressant treatments [31] thus lead-
ing to a poor understanding of other relevant criteria. Cur-
rently, animal models of MDD are mainly considered when
showing responses to antidepressants such as selective sero-
tonin or noradrenaline reuptake inhibitors, or tricyclic anti-
depressants. Animal models of MDD are based on chronic
exposure to stressors reproducing adverse life events during
the developmental period or adulthood. Among them, chron-
ic exposure to social defeat causes behavioural, neurobiolog-
ical, hormonal, and neurochemical changes compatible with
MDD symptoms [35-41]. The application of the unpredicta-
ble chronic mild stress paradigm, consisting of the aleatory
exposure to different mild stressors during several weeks of,
also mirrors changes observed in MDD such as an increased
hypothalamic-pituitary-adrenal (HPA) axis sensitivity and a
decrease in responses to pleasant stimuli [42]. However, the
use of this model is controversial due to its reproducibility
[43].

Different behavioural tests such as the elevated plus maze
or the open field are frequently referred to as models of anxi-
ety disorders in the literature. However, the formers are used
to measure the anxiety response, while an animal model
should elicit a phenotype compatible with the pathology
[44]. Anxiety disorders are characterized by fear reactions in
situations where such fear is not justified. In this sense, fear
conditioning seems to be a good model for anxiety disorders
since in this paradigm, an aversive unconditioned stimulus,
such as a shock, conditions a potent and permanent fear reac-
tion to a harmless stimulus [45].

2.1. Molecular Mechanisms Underlying Brain Structural
Changes

2.1.1. Neuroendocrine Model

Alterations in brain structure induced by exposure to
physical or psychological stressors seem to be primarily due
to an overactivation of the HPA axis and the consequent in-
crease in the release of glucocorticoids [46]. A pivotal find-
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ing is that chronic exposure to glucocorticoids induced by
stress can lead to long-term effects on brain structure. Sever-
al studies have shown that the treatment with exogenous
glucocorticoids in non-stressed animals can trigger changes
in brain structure in a region-specific manner. For example,
AdKO transgenic mice, an animal model of Cushing’s syn-
drome whose main symptom is long-term hypercorti-
costeronemia, showed reduced relative volumes in multiple
brain regions such as the corpus callosum and several corti-
cal areas and increased volume in the medial amygdala, bed
nucleus of the stria terminalis, and hypothalamus [47]. These
changes are explained by aberrant myelination and white
matter damage [47]. Chronic administration of corticosterone
results in dendritic reorganization or atrophy in pyramidal
neurons of the mPFC [48, 49]. Also, chronic glucocorticoid
treatment produces hippocampal dendritic shrinkage in rats
and primates [50, 51]. Similarly, a single acute dose of corti-
costerone is sufficient to induce dendritic hypertrophy in the
basolateral amygdala (BLA) in a magnitude like that caused
by chronic treatment [52]. The inhibition of the synthesis of
glucocorticoids in animals submitted to repeated restraint
stress can prevent hippocampal dendrite atrophy induced by
this stressor [53].

Most of the studies linking stress-induced changes in
brain structure are focused on the hippocampus due to its
particular sensitivity to chronic stress and glucocorticoids, its
critical role in learning and memory, and also its participa-
tion in the negative feedback regulation of the HPA axis [54-
57]. Other regions such as the mPFC and the amygdala have
received attention due to their relevance in the stress re-
sponse and their role in processing, acquisition, and extinc-
tion of fear memories [58]. For instance, chronic exposure to
different stressors such as restraint or social defeat can cause
shortening and debranching in apical dendrites of hippocam-
pal CA3 pyramidal neurons [53, 59-64]. The deleterious ef-
fect of glucocorticoids in the hippocampus in terms of den-
dritic atrophy has been explained by different hypotheses
[65]. In one hand the Glucocorticoid Cascade Hypothesis
formulated by Sapolsky and colleagues [66] suggested that
the excess of glucocorticoids and the downregulation of glu-
cocorticoid receptors induced by chronic stress activate a
feedback reaction leading to dendritic retraction, degenera-
tion, and a consequent disease. On the other hand, the Glu-
cocorticoid Vulnerability Hypothesis [67] suggests that the
dendritic retraction-induced prolonged or repeated exposure
to glucocorticoids induced by a chronic stress history, makes
the hippocampus vulnerable to subsequent neurotoxic or
metabolic challenges. Both hypotheses are complementary
and provide a plausible explanation for the genesis and pro-
gression of brain structural changes induced by stress expo-
sure.

2.1.2. Glutamatergic Model

The available data set seems to confirm that glucocorti-
coids interact synergistically with glutamatergic neurotrans-
mission, neurotrophin-related signaling, and proinflammato-
ry cytokine signaling to induce structural changes in the
brain after stress exposure [68-71]. Changes in glucocorti-
coid levels induced by circadian rhythms and stress alter the
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basal release of glutamate in several areas, such as the hip-
pocampus, amygdala, and prefrontal cortex (PFC) [72, 73].
This effect has been observed after exposure to different
stressors or administration of glucocorticoids and it can be
reverted by adrenalectomy [72, 74-77]. Hippocampal CA3
neuron atrophy induced by chronic restraint stress can be
reverted by the administration of an antagonist of N-methyl-
D-aspartate (NMDA) receptors [53]. Moreover, NMDA re-
ceptor blockade prevents chronic stress-induced dendritic
shrinkage of mPFC neurons [78]. Neurotrophins such as the
brain-derived neurotrophic factor (BDNF), one of the most
abundant neurotrophic factors in the brain, participate in
these structural changes through their union with neurotro-
phin receptors. The binding of BDNF to the tyrosine receptor
kinase B (TrkB) promotes its interaction with NMDA recep-
tors in the hippocampus and PFC leading to changes in the
expression of immediate early genes such as the activity-
regulated cytoskeleton-associated protein (Arc) [79-82].
These TrkB-mediated gene expression changes can influence
processes such as neurogenesis, synapse formation, and plas-
ticity [83-89]. Importantly, several members of TrkB down-
stream signaling cascades are altered in MDD and other
mood disorders patients [90-92]. Similar changes in terms of
gene expression are also observed in the hippocampus and
the PFC of animals submitted to stress [93-96].

2.1.3. Inflammatory Model

Proinflammatory cytokines such as IL-6, IL-1B, and
TNF-a are induced by psychological stress and are implicat-
ed in PTSD, anxiety disorders, and MDD [16, 97-101]. Brain
areas repeatedly associated with these stress-related disor-
ders such as the hippocampus, amygdala, and anterior cingu-
late cortex (ACC) have been reported to be particularly in-
fluenced by pro-inflammatory cytokines [102]. The increase
in pro-inflammatory cytokines decreases neurogenesis in the
hippocampus by down-regulating the BDNF pathway [103-
105]. Glutamate can also be increased by pro-inflammatory
cytokine levels leading to excitotoxicity and reduced neuro-
genesis through the activation of NMDA receptors [106,
107]. Pro-inflammatory cytokines can also induce the release
of reactive oxygen species by astrocytes and microglia pro-
moting neuronal oxidative damage [108, 109]. Other in-
flammatory markers such as C-reactive protein (CRP),
whose levels are increased after IL-6 secretion [110], have
also been reported to be elevated in patients with MDD [111,
112]. CRP has been reported to induce reactive gliosis that
can exert detrimental effects on astrocytes and microglia
[113]. CRP also mediates the decrease in neurogenesis in the
PFC and hippocampus of rats exposed to chronic unpredict-
able stress [114]. Pro-inflammatory cytokines also promote
an alternative tryptophan metabolism pathway, different
from that which metabolizes tryptophan to serotonin and
melatonin, named the kynurenine pathway. Dysregulation of
the kynurenine pathway may deplete serotonin in the CNS,
which is closely related to the pathophysiology of MDD
[115]. Kynurenine pathway metabolites such as 3-hydroxy-
kynurenine, 3-hydroxy-anthralinic acid, and quinolinic acid
are neurotoxic and can trigger neuronal apoptosis through
oxidative stress or altering glutamatergic neurotransmission
[116].
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2.2. Neuroimaging Findings in Stress-related Animal
Models

Evidence derived from animal models on stress-related
conditions have provided the molecular mechanisms which
in turn would shape the brain structure alterations described
across several neuroimaging studies of the so-called stress-
related psychiatric disorders. However, probably due to
technical limitations, few studies on animal models have
addressed longitudinal stress-induced changes in structural
integrity. Post-mortem high-resolution structural MRI and
diffusion kurtosis imaging in rats exposed to chronic immo-
bilization stress found dendritic morphology changes in the
hippocampus, amygdala, and mPFC [117]. Also, ex-vivo
MRI in mice exposed to chronic social defeat stress showed
changes in areas modulators of the HPA axis such as the
hippocampus and the bed nucleus of the stria terminalis, and
areas related to the development of depressive-like behaviour
and fear management such as the raphe nuclei and periaque-
ductal grey matter [118, 119]. The first longitudinal MRI
study in the literature assessing the impact of chronic unpre-
dictable stress in rats revealed structural atrophy in key re-
gions such as the prelimbic, cingulate, insular and retrospleni-
al, somatosensory, motor, auditory and perirhinal/entorhinal
cortices, the hippocampus, the dorsomedial striatum, nucleus
accumbens, the septum, the bed nucleus of the stria terminal-
is, the thalamus, and several brain stem nuclei [120]. Subse-
quent longitudinal studies using Diffusion Tensor Imaging
(DTI) showed no evidence of stress-induced brain volumet-
ric alterations. However, they point to microstructural altera-
tions (fractional anisotropy, mean diffusivity, and radial dif-
fusivity values) in the hippocampus of mice exposed to
chronic social defeat [121] and the corpus callosum, external
capsule, anterior commissure, and the amygdala of rats ex-
posed to chronic immobilization [122].

3. STRESS AND THE NEURODEVELOPMENTAL
BRAIN

In the search for a better comprehension of early brain
changes leading to stress-related psychiatric disorders, it has
become imperative to study normal brain development, how
stress during this period affects brain architecture, as well as
how much risk (or protection) it contributes to the develop-
ment of a stress-related disorder. The relevance of such stud-
ies is evidenced when considering that half of the mental
health disorders emerge by the age of 14 years old [8] and
that early life stress is suggested to explain between 20-30%
of the variance in mental health disorders [123].

During human brain development, stress is necessary for
building and shaping the repertoire of responses to environ-
mental changes, with multiple complex brain processes sub-
serving such behaviors. At the neuronal level, underlying
mechanisms involve neurogenesis, neuronal migration, syn-
aptogenesis, synaptic remodeling, synaptic pruning, mye-
lination, and apoptosis, which follow time-overlapping se-
quences that are specific for each region and that are at a
maximum growth rate during the 2"-3 pregnancy tri-
mesters and the first two years of life [124-126]. They con-
stitute the basis of neurotransmitters’ communication sys-
tems formation, which goes through immature stages during
early adolescence to reach the adult brain, being relevant for
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this period of the development in the balance between excita-
tory and inhibitory neurotransmission [124-126]. All these
processes serve to build brain regions and the connectivity
paths between them, finally to develop networks underlying
specific functions [126]. Excessive or prolonged activation
of the stress response during development might impair brain
architecture and function, with possible consequences into
adulthood. The effects of stress on neurodevelopment are
dependent on the characteristics of stress but also the time
they are produced: during sensitive periods the response to
experiences is heightened, while in critical periods the
changes that occurred (or the lack of them) might be irre-
versible [127]. Anyhow, periods of increased change for
each area, detailed below, are considered more vulnerable to
insults [127].

Brain circuit development follows a established and or-
ganized sequence, with sensorial and thereafter motor re-
gions maturing earlier than regions involved in higher cogni-
tive processes [126, 128]. This translates into a general pos-
terior-to-anterior sequence of maturation that finishes in pa-
rietal regions for the posterior half of the brain and in the
dorsolateral PFC (DLPFC) for the anterior part [128]. The
DLPFC, the posterior part of the superior temporal gyrus
(STG), and the posterior parietal cortex are the last areas to
mature by early adulthood [126, 128]. For specific networks,
subcortical structures are also observed to mature earlier than
cortical ones [126]. Gray matter (GM) shows a high growth
rate during the first two postnatal years being maximum at
the cerebellum, subcortical areas, and the cerebral cortex
[126, 129]; this growth rate is sustained during childhood
and decreases after 10 years old, with some sex-related dif-
ferences [124, 126, 130]. White matter follows a marked
increase between early childhood and adolescence, reaching
its peak around 45 years old [124] associated with mye-
lination processes, axon caliber, or both [128]. A process
described as vulnerable to psychopathology is the loss of
GM in DLPFC that occurs in late adolescence -associated
with synaptic plasticity and pruning- which concurs with
white matter growth in the PFC, ACC, and temporal poles
[124, 126, 128]. As a consequence of region-specific devel-
opment, there is an asymmetric development in adolescence
between prefrontal control systems and regions of limbic and
reward systems -the latter maturing earlier than the former-,
which is associated with behavioral characteristics of this
period, such as increased risk-taking behaviors [131].

Stress might impact brain morphology or its normal de-
velopment trajectory [132]. Given the relevance of the HPA
axis and corticoids in stress regulation, regions commonly
studied are the ones with a role in HPA regulation, i.e.: the
hippocampus, the amygdala, and the PFC [132], which
among other functions are critical for processes of fear ex-
tinction and emotion regulation [133]. Balanced regulation
of glucocorticoids as well as other molecules involved in
inflammation -i.e., cytokines- is required for normal neurode-
velopment of axonal terminal maturation, axonal growth, and
remodulation, among others. By contrast, external insults such
as chronic stress exposure alter normal functioning by increas-
ing glucocorticoids levels and downregulating glucocorticoid
receptors, which impact directly the shape and function of
the key structures, especially the hippocampus, as discussed
in-depth in the preceding section [132, 134, 135]. Several
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studies have evaluated the impact of early life stress on brain
maturation during pregnancy or after traumatic events during
childhood. During prenatal life, events such as infection,
drug use, environmental exposure, hypoxia, ischemia, hy-
poperfusion and maternal-related health condition, maternal
stress, or maternal malnutrition are thought to produce a
widespread reorganization of large-scale connections [136].
Some specific alterations are also found, although with con-
tradictory findings [136]. For example, increased maternal
exposure to stressful events, maternal stress, and maternal
anxiety traits are associated with greater right amygdala in
newborns and greater fronto-limbic structural connectivity at
12 months [135], and lower hippocampal volume or slower
hippocampal growth in the first postnatal months on the off-
spring [129, 135, 136]. Air pollution during pregnancy
shows similar results in the offspring: smaller hippocampus
but increased amygdala and cerebellum volumes [137].
However, these effects were attributable to decreased global
GM volume associated with a low socioeconomic environ-
ment [138] in another study. A large number of studies o
childhood trauma give evidence of its consequences over the
development of regions and networks involved in threat pro-
cessing and emotion regulatory systems, contributing risk for
the emergence of stress-related psychiatric disorders [139].
Most consistently reported brain regions affected by child-
hood maltreatment are the PFC in its ventromedial parts
(vimPFC), the DLPFC, the ACC, the hippocampus, the
amygdala, the corpus callosum and the cerebellum [131].

3.1. Hippocampus

The hippocampus has received great interest, but results
are not exempted from confounders. Reduced hippocampal
volume has been observed in adults with a history of child-
hood trauma [140], suggesting a larger impact when the
traumatic event occurred prior to age 14 [139, 141]. In pro-
spective studies, some have found decreased hippocampal
volume in maltreated children [142, 143] or no differences in
others [144], while a meta-analysis showed a small effect of
changes that vanished when controlling by gender [145]. The
type of maltreatment is suggested to contribute to differences
in findings, with some evidence that threat-related maltreat-
ment (as opposed to deprivation) is associated with neurode-
velopmentally decreased hippocampal volume [144, 146]. In
other studies, maltreatment was associated with larger left
[147] or right [148] hippocampal volumes that followed a
flatter growth through mid-adolescence [147-149], which
could explain lower hippocampal volumes emerging some-
time after maltreatment. An important confounding factor is
the presence of psychopathology [145]: changes in growth
development (flat growth or delayed maturation) were medi-
ated by the presence of comorbid psychiatric disorders
(mostly internalizing -mood or anxiety-) [147] or was ob-
served in a group of abused females that developed anxiety,
PTSD or a depressive disorder [146]. Other authors indicate
that low hippocampal volume is more associated with the
emergence of PTSD rather than trauma itself and suggested a
continuum between trauma and PTSD [131, 150]. Low hip-
pocampal volume is additionally observed in non-maltreated
children that developed depression [151]; different mecha-
nisms, including the combination of childhood maltreatment
and genetic vulnerability, might contribute to low hippocam-
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pal volumes that are also present in different stress-related
disorders [133, 152].

3.2. Amygdala

The amygdala is one of the structures following a slower
development over the lifespan [140]. Chronic stress increas-
es dendritic arborization and volume [132]; increased vol-
ume is shown in studies of children exposed to maternal dep-
rivation (i.e. previous institutionalization, maternal depres-
sion) or exposure to adversities or maltreatment [142, 147,
148]. Alike to the hippocampus, findings have been incon-
sistent, with other studies showing decreases in volume [142]
or even no changes in others [145]; the specific finding of
decreased amygdalar volume, it is considered to be associat-
ed with the presence of PTSD, not to the sole effects of mal-
treatment [131]. The increase in volume is suggested as an
earlier structural maturation to compensate for the absence of
an available caregiver [142]; indeed, different studies sup-
port the idea that adversity during childhood might produce
an accelerated maturation of brain circuits [142-144, 153],
which in turn is consistent with clinical observations [154]
and studies in animal models [142] as described above. In
this regard, one replicated finding is an early maturation in
the amygdala-prefrontal connectivity: the expected shift be-
tween positive to negative coupling between these structures
matures earlier in exposed than non-exposed children [142,
153], and is suggested to be a protective factor for psycho-
pathology [155]. An acceleration in brain maturation, how-
ever, might be dependent on other factors such as sex: in
non-maltreated children at risk for depression, the emergence
of depression is associated with an exaggerated amygdalar
growth in females but an attenuated growth in males [151].
Other confounders include the type and timing of stressful
exposure, which may produce either a delayed or accelerated
maturation of circuits [142, 146].

3.3. Prefrontal Cortex

The PFC is a region with high susceptibility to impair-
ment due to its time-prolonged long-lasting development
[126]. Volume reductions are observed in the vmPFC, the
DLPFC, and the ACC [133, 140, 143, 144, 156], which
might coexist with an increased functional maturation [142].
Volume reductions in the vmPFC have also been found in
PTSD even when compared to maltreated children without
PTSD and controls [148].

3.4. Other Regions

Other regions have early evidence of its impairment by
stress but are potential targets for future studies. For exam-
ple, decreased cerebellar volumes in children and adoles-
cents with a history of maltreatment and PTSD is a con-
sistent finding, although it is unclear the effect of trauma
alone on the cerebellum [131, 143, 157]. Emergent evidence
points to the basal ganglia and insular cortex as areas im-
paired by early live stressful events [156, 158]. GM reduc-
tions of visual areas are reported when after exposure to in-
sufficient care, a reactive attachment disorder emerges [159,
160]. Other mechanisms associated with the emergence of
stress-related disorders in youth, and their consequences at
the brain level are yet poorly understood. For example, in
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generalized anxiety disorder in youths, findings suggest GM
decreases in the ventrolateral PFC, but the volume increases
in other regions, including the amygdala, ACC, precentral
cortex, precuneus, putamen, and the STG, while hippocam-
pus volume would be preserved [161].

Although experimental and clinical studies have shown
that early life stress may have pervasive and persistent ef-
fects on frontal cortical-subcortical circuits, other factors
have to be involved in the pathophysiology mechanism to
give rise to different clinical manifestations and brain altera-
tions across stress-related disorders. The so-called environ-
mental factors, including early and late life stressors, activate
the adaptive physiological mechanism in living organisms by
means of the stress system, which can provide balanced or
altered responses depending on how (genetically) vulnerable
the organism is. Several studies have shown altered activity
(both hyper- and hypoactivation) of the stress system in indi-
viduals with PTSD, anxiety disorders, and depression. The
existing literature has connected early life stressors or trau-
matic experiences in the past to the development of such
psychiatric conditions. However, to date, the link between
both phenomena seems to be a matter of speculation as the
underlying pathophysiological mechanisms are not fully un-
derstood as yet. Or maybe not that speculative, if one takes a
deep sight at the brain structural alterations across the psy-
chiatric conditions encompassed within stress-related disor-
ders, as it will be argued in the next sections.

4. POST-TRAUMATIC STRESS DISORDER

PTSD is a debilitating psychiatric disorder characterized
by intrusive thoughts, avoidance, and hypervigilance follow-
ing traumatic events. Due to its undeniable relationship to
traumatic stress events and with stress-based fear condition-
ing responses, PTSD represents a landmark disorder for ex-
ploring the brain structural impact of stress. This distinctive
feature allows us to disentangle rather more precisely wheth-
er brain structural changes constitute patterns related to ac-
quired disease or, on the contrary, to stress, since we can
compare PTSD patients with healthy individuals who have
been exposed to a traumatic event (trauma-exposed) and
with those who have not been exposed to a traumatic event
(non-trauma-exposed).

4.1. Hippocampus

Advances in MRI offered insight into the role the hippo-
campus may have in PTSD as this brain structure is respon-
sible for the ability to store and retrieve memories and plays
a role in a person's ability to overcome fear responses. Both
glucocorticoid and inflammatory hypotheses would explain
the affectation of the hippocampus in PTSD: The increase in
cortisol signals the immune system, which releases inflam-
matory cytokines, which in turn can activate microglia. The-
se in turn switch from the production of serotonin to a higher
production of glutamate that can lead to hippocampus cell
damage or death. The majority of early volumetric magnetic
resonance imaging (MRI) studies conducted a region-of-
interest analysis, focusing on the distinct brain regions of the
"fear circuit" described in previous preclinical studies. For
instance, Woon and collaborators [162] performed a meta-
analysis on 39 hippocampal volumetric studies, and as ex-
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pected, they identified significant hippocampal volume re-
ductions in patients with PTSD. In the end, the cumulative
evidence derived from these preliminary studies conclude
with the classical neurobiological PTSD models involving
the hippocampus in the pathophysiology of PTSD [163]. It
should be noted that this region has been reported inde-
pendently across other stress-related disorders [9]. Although
these hypothesis-driven methods are widely used, they are
explicitly characterized by neglecting other brain regions
capable of offering the specificity needed for prediction,
diagnoses, and personalized PTSD treatments. This fact con-
cerning the hippocampus extends to other groups of regions
included in the fear circuitry such as the amygdala and ACC.

4.2. Amygdala

Although one of the most known neurocircuitry models
of PTSD posits that the amygdala would be hyperresponsive
which could not be inhibited by an altered hippocampus,
there is no clear evidence for abnormal volumes in PTSD.
Amygdala hyperactivation has been reported during several
traumatic and non-traumatic situations in PTSD and has been
positively correlated with symptom severity [164]. Further
studies should investigate the lack of relation between acti-
vation and volume of the amygdala.

4.3. Prefrontal Cortex

Several structural MRI studies reported decreased vol-
umes of PFC in PTSD, and in particular, few of them ex-
plored the mPFC [164]. The ACC volumes appeared to be
smaller in patients with PTSD compared to trauma-exposed
healthy subjects, and inversely correlated with symptom se-
verity. Indeed, a recent whole-brain voxel-brain morphome-
try metanalysis investigating brain volumetric correlates in
major depression, anxiety disorders, and PTSD has revealed
that patients with PTSD showed smaller gray matter volume
(GMV) in the left lingual gyrus and the bilateral superior
frontal gyrus in comparison to healthy participants [17]. The-
se findings pointed out that the structures critically related to
primary stress responses (that is, hippocampus, amygdala,
and ACC) may not be the only regions involved in the inher-
ent complexity of PTSD.

The relevance of a design involving groups of healthy
participants with and without exposure to traumatic stress is
highlighted by two different studies [165, 166] that showed
GMYV reductions in the superior frontal gyrus as well as in
the lingual gyrus when comparing patients with PTSD and
non-traumatized healthy participants. In contrast, other pub-
lications [167, 168] that assessed patients with PTSD and
traumatized controls found a GMV reduction in the superior
frontal gyrus but not in the lingual gyrus. Considering that
GMYV reductions observed in patients with PTSD in compar-
ison to non-traumatized healthy participants but not to trau-
matized controls may be stress-related, these findings em-
phasize the superior frontal gyrus as a potentially relevant
disease-specific biomarker of PTSD.

4.4. Other Regions

The study by Nardo and colleagues [167] also found GM
volume reductions in the parahippocampal gyrus, similar to
the work with patients with PTSD and traumatized controls
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by Zhang and colleagues [169]. Although in the meta-
analysis by Serra-Blasco and collaborators [17] parahippo-
campal reductions were only observed when applying a lib-
eral threshold, a more recent whole-brain meta-analysis
[170] assessing 122 patients with PTSD and 128 traumatized
controls revealed GMV reductions in the parahippocampal
gyrus as one of the main results.

Numerous adverse sequelae have been linked to child-
hood maltreatment, and the literature has unequivocally es-
tablished that experiences of childhood trauma are associated
with significantly increased rates of PTSD across the
lifespan. Specifically, some studies have demonstrated struc-
tural alterations in both children and adults whose PTSD is
secondary to childhood maltreatment [171, 172] such as vol-
umetric reductions in cerebellum, corpus callosum, total cer-
ebral and intracranial volume when compared both to
healthy controls and to maltreated individuals without PTSD.
However, studies on these other regions are extremely lim-
ited to date, and further research is needed to substantiate the
theoretical models involving the cerebellum and the corpus
callosum.

5. MAJOR DEPRESSIVE DISORDERS

Considered to be the most common psychiatric illness,
MDD is recognized as a heterogeneous and highly complex
disorder, with a recurrent and episodic course often leading
to pronounced functional interference during the acute epi-
sode and, in a significant number of cases, sustained impair-
ment. Altered responses to chronic stressful events, such as
sustained childhood maltreatment and long-term stressful life
events, have been considered central to the mechanisms in-
volved in the aetiology of MDD. Based on findings from
several animal models, neuroendocrine, neuroinflammatory,
and neurotransmitter system responses are the consequence
of this defective response to chronic stress, which may ulti-
mately lead to changes in brain structure.

Although there is considerable heterogeneity in terms of
the brain areas involved, 25 years of research in this field has
laid the groundwork for the relationship between stress, de-
pression, and brain structure. Structural neuroimaging has
provided significant evidence on the brain areas that contrib-
ute to depressive illness, showing as the most common out-
come a reduction in GMV. However, unlike PTSD, in de-
pression there is no univocal relationship between the pres-
ence of a stressful event and the onset of depression, alt-
hough in many cases a precipitating stressful event is identi-
fied (especially in the first episodes), this variable is not sys-
tematically collected in neuroimaging studies. Therefore, we
cannot affirm that structural alterations are a consequence of
stress.

5.1. Hippocampus

Besides those volume reductions in meta-analysis -in
which some of them used ROIS-, original voxel-wise mor-
phometry studies have also found hippocampal smaller
GMYV in MDD versus healthy controls [173]. It has been
demonstrated that untreated long depressive episodes were
associated with reductions in GMV, suggesting a deleterious
impact of MDD progression in brain structure. Childhood
maltreatment has also been demonstrated to affect adult hip-
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pocampi. A classical study by Vythilingam and colleagues
[174], found that the factor explaining smaller hippocampi in
MDD participants was childhood abuse instead of MDD
diagnosis. More recently, Opel ef al. [175] reported that hip-
pocampal alterations in MDD patients may at least partly be
traced back to a higher incidence of early-life adverse events.

The GMYV of this subcortical limbic structure has shown
consistent relationships with MDD therapeutic responses.
Soriano-Mas et al. [176] reported that hippocampal volume
decreases predicted a slower recovery after treatment initia-
tion. In this line, a latter meta-analysis [177] confirmed that
in MDD patients taking antidepressants, smaller hippocam-
pal volumes predicted lower response/remission rates. Hip-
pocampus has also shown GMYV increases induced by ECT,
specifically in its anterior part [178]. According to the above
and other findings, Fonseka ez al. [179], set the hippocampus
as a reliable therapeutic biomarker of MDD response.

The hippocampus shows high sensitivity to neurobiologi-
cal processes and many clinical aspects such as illness sever-
ity [180], illness later onsets [181] or the absence of comor-
bid anxiety [182]. Thus, the integrity of its structure is highly
related to external stressors -like childhood maltreatment-,
antidepressants, or the very illness progression. The capacity
of the hippocampal greater volumes to predict better MDD
illness trajectories might be indicating a sort of neurobiolog-
ical resilience to stress.

5.2. Amygdala

MDD has traditionally been associated with volumetric
alterations in the amygdala. Similarly to the findings in
PTSD, the relation between volume and activity within the
amygdala is far from being established yet. Studies with
functional neuroimaging had consistently found elevated
activity in the amygdala in depressed individuals which was
associated with symptom severity in the previous decade.
However, structural neuroimaging studies yielded variable
findings, with some reporting smaller amygdala volumes and
some, greater, suggesting no reliable association between
depressive disorder and amygdala volumes. Some posterior
meta-analyses confirmed that no aggregate-level differentiate
between depressed and non-depressed individuals in amyg-
dala volumes due to significant variability among studies
[183]. More recent studies are stressing towards the role of
the amygdala in MDD by investigating the effects of medica-
tion as well as the involvement of specific amygdalar sub-
structures [184, 185].

5.3. Prefrontal Cortex

Alterations within the PFC have extensively been report-
ed in the last decades. One of the largest meta-analyses re-
ported in recent years [186] showed smaller GMV relative to
healthy controls, mainly in the medial, ventral, and dorsal
prefrontal systems, including the ACC. This study, including
both MDD and BD patients, shows smaller GMV, smaller
GMV in the left parahippocampal gyrus and the right
DLPFC -specifically the middle frontal gyrus-. In this re-
gard, voxel-based morphometry (VBM) studies have shown
consistent reductions in GMV in the frontal gyrus of MDD
patients compared with healthy controls [187-190]. Specifi-
cally, reductions in GMV in the superior frontal gyrus have
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been linked to attentional biases toward negative stimuli,
predisposing to possible maladaptive responses to stressful
stimuli [191]. In this line, Serra-Blasco et al. [192] also de-
scribed a pronounced reduction of the superior frontal gyrus
in patients with long-lasting illnesses. This finding supports
the idea of superior frontal gyrus deterioration at advanced
illness stages [192]. However, other VBM studies have
found significant superior frontal gyrus reductions in patients
with first-episode MDD [188, 193], suggesting the possibil-
ity of a vulnerability factor rather than an acquired (stress-
related) structural alteration.

There is evidence to support the effect of chronic stress
on ACC volume, and its relationship to behavioural emo-
tionality. The ACC is highly connected to the “cognitive”
PFC and the “emotional” limbic system and, thus, has an
important role in affect regulation. Furthermore, it has in-
deed been identified as a distinctive brain area in MDD psy-
chopathology. More specifically, ACC contributes to some
of the abnormalities observed in affective regulation, atten-
tion, problem-solving, motivation, and decision-making in
patients with depression [194]. Several structural MRI stud-
ies have described reductions in GMV in the ACC compar-
ing with healthy controls [195-198]. Results from a study by
the ENIGMA MDD Working Group concluded that depres-
sion might impact the brain structure differently at different
stages of life and described more pronounced thinning corti-
cal grey matter in ACC as well as in posterior cingulate cor-
tex (PCC), orbitofrontal cortex, and temporal lobes in pa-
tients with a first depressive episode and adult-onset patients
[195]. Furthermore, greater GMV of the dorsal part of the
right ACC has been associated with better clinical outcomes,
reinforcing the use of structural neuroimaging in conjunction
with clinical symptomatology for clinical outcome prediction
[199]. In this line, Costafreda et al. [200] described that
achieving clinical remission after taking antidepressant med-
ication could be predicted from the observation of increased
density in the right ACC, among other frontolimbic areas
such as the left PCC [200].

For many years, the pivotal role of ACC in major depres-
sion eclipsed the relevance of its posterior region of the cin-
gulate cortex. However, since the study of Caetano et al.
[201], which reported significantly smaller cingulate vol-
umes (including its posterior parts) in MDD patients com-
pared to healthy controls, the evidence of the involvement of
PCC in MDD pathophysiology has not stopped rising.

PCC is thought to have a function in focal attention, as it
shows a deactivation during attentionally demanding tasks
[202]. More specifically, it has been demonstrated that PCC
has a main role in internally directed cognition [202]. This
hypothesis is partly supported by the discovery of the in-
volvement of PCC in the default mode network [203], in
which it shows deactivation during external cognitive pro-
cessing. Another outstanding cognitive function of PCC is
related to episodic memory via its direct connections with
the hippocampus [204]. Those structural connections have
shown differences between HC and MDD patients in struc-
tural equation modelling studies [205]. Such differences in
organizational patterns might in turn underlie the prominent
memory dysfunction observed in MDD patients [206]. Such
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memory impairments have been shown to be more pro-
nounced as the depressive illness progresses [207, 208],
pointing to the potential gradual damage of its underlying
structures.

PCC does show consistently smaller grey GMV in MDD
patients compared to healthy controls [173, 195, 196]. How-
ever, its involvement in MDD pathophysiology seems to be
heterogeneous. The study of Shen et al. [181], which divided
the MDD sample between early-onset and late-onset depres-
sion, reported smaller PCC GM only in the early-onset sam-
ple. An independent study demonstrated the influence of
genetic variants on PCC GMV [209] reporting a reduced
PCC GMYV only in MDD patients with the T allele carrier of
the LHPP gene (rs35936514). These findings could explain
the heterogeneity surrounding PCC involvement in MDD
across studies.

5.4. Other Regions

The insular cortex or insula is involved in a high variety
of critical functions altered in neuropsychiatric disorders
such as MDD. The roles of the insula range from sensory
processing, emotion representation, autonomic control or
risk prediction, and decision-making to complex social func-
tions [210]. Such skills are commonly affected in MDD, and
thus it is not surprising the amount of evidence that neuroim-
aging studies have shown supporting its involvement in
MDD onset, course, and treatment outcomes.

A number of structural MRI studies have replicated the
finding of smaller GMV insular volumes in patients with
MDD [173, 186, 211], even in meta-analyses of cortical
thickness [195]. Further, more than ten years ago, a VBM
study by Soriano-Mas et al. [176] showed GMV decreases in
the left insula of MDD patients, which were also correlated
with slower response to treatment and higher risk of relapse.
These findings were shortly confirmed by the study of Serra-
Blasco et al. [192], which found that longer illness duration
was negatively correlated with left insula GMV. Such find-
ings, along with others in the same line, placed the insula as
another region of interest with the potential to serve as a bi-
omarker of treatment response [179].

Similar to the other above-mentioned brain regions with
close involvement in MDD, the insula has shown relation-
ships with illness duration, depressive symptoms [212], and
childhood maltreatment [158]. Also, a recent study of struc-
tural covariance has placed the insula at the centre of the
three main networks dysfunctional in MDD [213].

One last structure to put focus on is the cerebellum. It has
also been the last in gaining a place in the neurobiological
bases of stress-related disorders, specifically in MDD, as
well as PTSD (previously mentioned). At first, functional
involvements were mainly related to movement and did not
receive much attention from the scientific community of
biological psychiatry, rarely appearing when ROI strategies
were employed. Some studies (i.e., [214]) and meta-analyses
(i.e., [215]) mention the cerebellum at the end of their results
and not as primary findings, even though this structure dis-
played the bigger cluster sizes and the most powerful effect-
size statistics indicators. Cerebellar reductions are thought to
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be underneath attentional difficulties and altered emotional
responses observed in MDD and other stress-related situa-
tions due to the proximitiy of the cerebellum to the limbic
system and hypothalamic pituitary adrenal (HPA) axis, both
of which play crucial roles in the stress response [172].

Many previous structural MRI studies have found the
GMYV of the cerebellum diminished in patients with MDD
[196, 216, 217] and studies with more homogenous samples
have suggested that this structure could get structurally dam-
aged with illness progression [198, 218]. A recent mini-
review by Depping and colleagues [219] comprises multidis-
ciplinary evidence demonstrating the involvement of the
cerebellum in many aspects of cognition, emotion, and self-
referential processing and states its key contribution specifi-
cally of its VII lobule (affective/cognitive cerebellum)- to
MDD pathophysiology. The review also highlights the neu-
ropsychological role of the VII lobule in the cognitive con-
trol network, maybe contributing to the cognitive dysfunc-
tion observed in MDD.

6. ANXIETY DISORDERS

Anxiety disorders are characterized by excessive and
persistent fear and anxiety, avoidance of perceived threats
(either external or internal), and significant distress and/or
functional impairment.

It is worth noting that, as reflected by recent changes in
the main psychiatric diagnostic systems (DSM-5, ICD-11),
anxiety disorders have been granted a nosological category
independent from other stress-related disorders such as
PTSD and MDD. While this classification primarily re-
sponds to the need for diagnostic criteria and treatment
guidelines in clinical settings [220], current neuroimaging
research exploring the neuronal underpinnings of stress-
related disorders suggest the existence of alterations specific
to anxiety disorders [17, 221]. The category of anxiety disor-
ders includes separation anxiety, selective mutism, specific
phobia (SP), social anxiety disorder (SAD), panic disorder
(PD), agoraphobia, and generalized anxiety disorder (GAD),
each differing in the stimulus and situations inducing mala-
daptive anxiety responses or, in the case of selective mutism
and panic disorder, in its expression. Despite this heteroge-
neity, several shared constructs and processes are thought to
play a role in the etiopathogenesis of the disorders [222],
namely uncertain threat anticipation [223], fear excitation,
inhibition [224], and generalization [225], hinting at the idea
of a common neural circuit responsible for the generalities
across disorders.

6.1. Hippocampus

This structure has also been included in the models of
anxiety disorders due to its function as a modulator of
learned fear [226], providing contextual information during
threat processing via interactions with the amygdala, mPFC,
and ACC [227, 228]. Decreased GMV of the hippocampus is
frequently reported in GAD [12, 229, 230] but not always
[231]. Some studies found this result in PD [232] and SAD
but the finding lacked consistency, as shown by recent
metanalytical research [233, 234]. No structural alterations in
the hippocampus were found in specific phobia research.
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Therefore, despite the structural vulnerability of the hippo-
campus to stress processes, the findings of hippocampal at-
rophy in anxiety disorders are only consistent in GAD. How-
ever, recent research suggests that, due to the complexity and
functional specificity of hippocampal subnuclei, future ef-
forts will benefit from more precise segmentation methodol-
ogies [225, 232].

6.2. Amygdala

Early literature exploring the neural underpinnings of
anxiety disorders focused on the implication of the amygda-
loid complex during emotional or threat processing [235,
236], due to its key role in the neurobiology of fear expres-
sion and acquisition [237]. This model proposes that a hyper-
responsivity of the amygdala induces lower thresholds in
threat detection, increased threat sensitivity, or amplified
conditioned responses of fear and anxiety [238], a mecha-
nism inducing and/or maintaining the symptomatology ob-
served in anxiety disorders. This amygdalocentric hypothesis
is supported by extensive bibliography regarding structural
alterations, however, the results are not homogeneous across
disorders. Patients with PD consistently show a reduced vol-
ume of the amygdala [239-243]. Interestingly, the opposite
pattern has been reported in GAD, where larger amygdala
volumes are frequently observed [244] but not always [245,
246]. For SAD [247] and SP [248-251], amygdalar GM al-
terations are not consistently observed. To our knowledge,
there is no published MRI research assessing structural brain
alterations in selective mutism, separation anxiety disorder,
or agoraphobia without panic disorder.

Therefore, current research indicates volumetric altera-
tions of the amygdala are specifically related to panic disor-
der, where reductions in the lateral and basal nuclei are theo-
rized to cause, respectively, a misjudgment of both sensory
information (mediated by the amygdala) and orbitofrontal
cortex risk assessment (mediated by the orbitofrontal cortex)
that contributes to panic attacks [241]. Another possible in-
terpretation of this result is that panic disorder, due to its
episodes of acute fear, has a higher allostatic load within the
hub of the fear circuit compared to the other anxiety disor-
ders [228]. Consequently, the discrepancy with GAD results
of increased volume could be explained by the different im-
pacts of acute and chronic stress in brain morphology, the
latter being associated with increased dendritic growth in the
amygdala [64, 252]. However, recent meta-analytic studies
addressed to determine shared structural alterations across
anxiety disorders do not include the results in the amygdala,
probably due to the heterogeneity among anxiety disorders
[17,253].

6.3. Prefrontal Cortex

More recent models describing the neurocircuitry of anx-
iety disorders acknowledge the role of emotion modulation
regions, with a special interest in the mPFC [254] but also
including the hippocampus, the DLPFC, the ventrolateral
PFC, the orbitofrontal cortex, and the ACC [255, 256]. The
mPFC has been defined as a main node of top-down regula-
tion of the amygdala [257, 258], a function thought to be
compromised in anxiety disorders [259] due to an underper-
forming frontal function [260, 261]. In agreement, midline
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prefrontal atrophy, including ACC and mPFC, has been sug-
gested as a structural alteration in transdiagnostic anxiety,
strongly supported by meta-analytic results [17, 253, 262].
When reviewing published results for each disorder, results
of diminished volumes in mPFC and ACC were fairly con-
sistent in GAD [229, 231, 246, 263, 264], however, it is
worth noting no frontal lobe alterations were found in the
larger mega-analysis assessing thickness and surface area
metrics [265]. Prior research has indicated that PD patients
might also suffer from this frontal reduced volumes [240,
266, 267] yet more recent works have failed to replicate re-
sults [233, 243, 268]. While some mixed results emerged
from social anxiety disorder [269, 270], most results do not
support the hypothesis of structural frontal alterations [233,
234, 271]. Among the limited research in specific phobia, a
subtype- specific effect is suggested as results indicate in-
creased mPFC and ACC volumes in dental phobia [249] and
reduced in spider phobia [250] yet more research is required
to reach a conclusive answer. Overall, a consistent body of
evidence indicates there is a reduction in frontal GMV,
mainly of the mPFC and the ACC, in GAD and, to a lesser
degree, in PD. Said alteration is thought to be linked to defi-
cient top-down emotional regulation, with recent meta-
analytic research suggesting volume reductions in mPFC
[253] and ACC [17] as candidates of common alterations
across anxiety disorders and MDD.

6.4. Other Regions

While outside the frontolimbic pathway, the insula is a
heavily interconnected hub with communication with corti-
cal and subcortical regions involved in emotional, cognitive,
and motivational functions, as described before. The critical
role in interoception and control of autonomic function is
also implicated as well as in emotional processing, specifi-
cally, in fear and anxiety [210]. The more consistent results
indicate structural alterations emerged in PD, where patients
presented reduced volumes in the insula as one of the most
robust findings of structural alteration in the disorder [233,
234, 242, 272]. A similar result has also been found in GAD
literature [230, 231] yet less frequently replicated in compar-
ison to structural abnormalities within frontal regions [246,
264]. Recent research has suggested that insular atrophy
might be a consequence of long illness duration [231]. Vol-
umetric reductions of the insula have been found in SAD
[273-275], although results come mainly from research using
a priori ROI analyses and are not replicated by more recent
whole-brain analyses and metanalyses [233, 234, 270]. Two
articles have found structural alterations in the insula in spe-
cific phobia [249, 251], with reduced volume in dental pho-
bia and increased cortical thickness in animal phobia, high-
lighting the insula as a region of interest for future SP re-
search.

As with the insula, the striatum is also included in the
emotion-generating and processing regions within proposed
neurocircuitry models of anxiety [256], being key in motiva-
tional processes and learning and with connections with lim-
bic structures [276]. Interestingly, volume reductions in the
putamen are being highlighted as the main alteration observ-
able in SAD by the most recent metanalysis [234, 277], an
alteration that presents certain specificity to SAD. Conse-
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quently, while some papers reported decreased volumes in
the putamen [278] and the nucleus accumbens [279] in pa-
tients with PD, results outside SAD are not consistent.

Despite not being in the spotlight of current models, re-
gions implicated in the processing of sensorial information
are suggested to play a certain role in anxiety disorders
[256]. Decreased thalamic volumes have been reported
mainly in SAD [234, 277, 280] but also in GAD [230] and
PD [281]. Conversely, increased volumes in the fusiform
gyrus [282, 283] have been found in SAD, whereas, signs of
grey matter reductions have been found in PD [268]. While
relatively scarce, research finding structural alterations with-
in said sensory processing regions suggest a special signifi-
cance for patients with SAD, consistent with the key role of
the fusiform gyrus in face processing and social anxiety
[284].

7. DISCUSSION

Convergent evidence from structural neuroimaging stud-
ies has demonstrated the overlapping of volumetric brain
alterations on stress-related disorders. These studies might
suggest shared biological underpinnings that go beyond di-
agnostic boundaries, which coincide with the rationale be-
hind the Research Domain Criteria (RDOC) initiative whose
goals were to develop “new ways of classifying psycho-
pathology based on dimensions of observable behavior and
neurobiological measures” by incorporating basic dimen-
sions of functioning to be studied across multiple levels of
analysis, from genes to neural circuits to behaviors, “cutting
across disorders as traditionally defined” [285]. Neuroimag-
ing studies have become essential to fit in such a bottom-up
approach and should have facilitated the goal of an etiology-
based nosology. However, as seen in the preceding sections,
many aspects need to be further explored, as there are indeed
shared fronto-limbic alterations across stress-related disor-
ders, but also, some particular brain regions seem to be spe-
cifically affected or preserved in each psychiatric condition
encompassed within stress-related disorders.

Fig. (1) summarizes the brain regions identified in stress-
related disorders. As mentioned above, the identification of
several of these regions, such as the hippocampus, amygdala,
or ACC, is mostly based on hypothesis-driven studies or
regions of interest. Although these studies are widely used
and hold notable scientific value, they are explicitly charac-
terized by neglecting other brain regions, also likely to pro-
vide the specificity required for the development of personal-
ized diagnostic, predictive and therapeutic biomarkers. A
detailed summary of brain regions identified in structural
magnetic resonance imaging (MRI) studies focused on the
main stress-related disorders, including PTSD, MDD and
anxiety disorders, is presented in Tables 1-3, respectively, to
provide a more comprehensive overview of the regions de-
tected.

Genetic studies have documented familial coaggregation
and co-heritability between stress-related disorders and other
psychiatric phenotypes [9]. Family and twin studies have
shown cross-disorder familial risk and high degrees of genetic
correlation among PTSD, MDD, and anxiety disorders, sup-
porting the phenomenon of pleiotropy that has been identified



Impact of Stress on Brain Morphology Current Neuropharmacology, 2024, Vol. 22, No. 5 945

Fig. (1). Brain regions prominent in the literature of stress-related disorders: the dorsomedial prefrontal cortex (dmPFC; light green), ventro-
medial prefrontal cortex (vmPFC; light orange), orbitofrontal cortex (OFC; magenta), anterior cingulate gyrus (ACC; dark green), posterior
cingulate gyrus (PCC; light purple), cerebellum (grape), dorsolateral prefrontal cortex (dIPFC; turquoise green), insula (dark gray), amygdala
(dark orange), hippocampus (plum) and parahippocampus (heliotrope). (4 higher resolution/colour version of this figure is available in the
electronic copy of the article). Created with BioRender.com.

Table 1. Brain morphological alterations in post-traumatic stress disorder.

Study Participants Analysis Brain Results
Nardo et al., 2010 [167] 21 PTSD/22 TC Whole-brain VBM } GMC - PCG, Precuneus Cortex, Lingual Gyrus, Parahippocampus
Zhang et al., 2011 [169] 10 PTSD/10 TC Whole-brain VBM } GMYV - Hippocampus, Parahippocampus, Calcarine Cortex
Baldagara et al., 2012 [172] | 42 PTSD/42 TC | ROI VBM: Cerebellum } GMV - Cerebellum

GMYV - Frontal Pole, SFG, MFG, IFG-Pars Triangularis, Paracingulate
Gyrus, Precentral Gyrus, Postcentral Gyrus, PCG, Intracalcarine
Tavanti e al., 2012 [165] 25 PTSD/25 HC Whole-brain VBM } Cortex, Lateral Occipital Cortex, Lingual Gyrus, Occipital Fusiform
Gyrus, Occipital Pole, Precuneus Cortex, Supracalcarine Cortex,
Temporal Occipital Fusiform Cortex, ITG

Tan et al., 2013 [168] 12 PTSD/14 TC Whole-brain VBM } GMYV - Superior Parietal Lobule, SFG

il GMYV - Parahippocampus, SMA, Lingual Gyrus, SFG
+ GMV - Angular Gyrus, Inferior Parietal Lobe, ITG

Abbreviations: GMC, Gray Matter Concentration; GMV, Gray Matter Volume; HC, Healthy Controls; /FG, Inferior Frontal Gyrus; /TG, Inferior Temporal Gyrus; MFG, Middle
Frontal Gyrus; PCG, Posterior Cingulate Gyrus; PTSD, Post-Traumatic Stress Disorder; ROI, Region-of-Interest; SF'G, Superior Frontal Gyrus; SMA, Supplementary Motor Area; 7C,
Traumatized Controls; VMB, Voxel-Based Morphometry.

¥ Lower regional GMV/GMC in patients.

t Greater regional GMV/GMC in patients.

Bossini et al., 2017 [166] 19 PTSD/19 HC Whole-brain VBM

Table 2. Brain morphological alterations in major depressive disorder.

Study Participants Analysis Brain Results

i GMC - IFG, ITG, OFC, MeFG, Transverse Temporal Gyrus
Vasic et al., 2008 15 MDD/14 HC Whole-brain VBM | ? 7
[190] GMYV - Thalamus, Hippocampus, Cingulate Gyrus

GMC - SFG, MFG, MeFG, OFC, ACC, MCC, Insula, Precentral
Gyrus, Fusiform Gyrus

17 MDD/17 HC Whole-brain VBM ! GMYV - MCC, Precuneus, Angular Gyrus, MTG, Temporal Pole,
Precentral Gyrus

GMV - MFG, PCG

Leung et al., 2009
[191]

Abe et al., 2010 GMYV - Parahippocampus, Hippocampus, MFG, ACC, Parietal Lobe,

[189] 21 MDD/42 HC Whole-brain VBM ! Occipital Lobe, STG
il GMD (vs. dMDD) - SFG, MFG, SFG
Salvad fal 58 AMDD / 27 4 GMD (vs. tMDD) - Putamen, Insula, STG, IFG, IPL, SPL, Postcen-
alvadore et al., P tral Gyrus
2011 [197] MDD / 107 HC Whole-brain VBM i Y
GMYV (vs. dMDD) - IFG, SFG, MFG
t GMV (vs. dMDD) - Subgenual ACC, Pregenual ACC

(Table 2) Contd....



946 Current Neuropharmacology, 2024, Vol. 22, No. 5

Cardoner et al.

[212]

Study Participants Analysis Brain Results
Soriano-Mas et al., | 76 \ipp / 40 HC Whole-brain VBM } GMYV - Insula
2011 [176]
GMYV - MFG, IFG, Rectal gyrus, SFG, MFG, ACC, MCC, PCC,
Grieve et al., 2013 . Precuneus, Precentral gyrus, Fusiform Gyrus, ITG, MTG, STG, Post-
[196] 102 MDD/ 34 HC Whole-brain VEM ' central gyrus, IP, Cuneus, MOG, 10G, Thalamus, GP, Caudate, Cere-
bellum
GMYV (TRD<HP) - SFG, ACC, MeFG, Insula, IFG, Parahippocam-
pus, Transverse-Temporal Gyrus, Post-Central Gyrus
Whole-brain VBM GMV (REM-REC<HP) - SFG, Cerebellum, ACC
ole-brain
Serra-Blasco et al., 22TRD/22REMREC ) ‘ GMYV (TRD<FIRST) - Pre-Central Gyrus, Post-Central Gyrus,
2013 [192] /22FIRST/32 HC ROISBM (volume): MeFG, Insula, Transverse-Temporal Gyrus, Inferior Parietal Lobule,
ACC, SFG, MeFG, Insula PCG
Volume (TRD<FIRST) - MeF'G, Insula
Volume (TRD<REM-REC) - MeFG
Jung ?’1 gé] 2014 50 MDD/29 HC Whole-brain VBM } GMYV - Insula, ACC, SFG, IFG, OFC, Amygdala
Lai &[Yégi 2014 38 MDD/27 HC Whole-brain VBM } GMYV - SFG, MFG, MeFG, Insula
M;g?g“[’l‘;’g‘]d ” 29 MDD /29 HC Whole-brain VBM } GMYV - Dorsal ACC, Ventral ACC, SFG, and Cerebellum
. GMV - Amygdala, Hippocampus, Parahippocampus, Thalamus, PCG,
Tae, 2015 [173] 20 MDD/21 HC Whole-brain VBM d Pregenual Gyrus, Lingual Gyrus, Insula, Fusiform Gyrus, IFG
Shen Fi g {]’ 2016 147 MDD / 130 HC ‘Whole-brain VBM ‘ GMYV - Precuneus, Hippocampus, MTG, Cerebellum
Yang [ezt 1[1 i]’ 2017 35 MDD /23 HC ‘Whole-brain VBM i GMV - Insula, Putamen, Amygdala, Lingual Gyrus, and Cerebellum
Zhao et al.,2017 | 37 MDD/ 24 SAD/ Whole-brain VBM t GMYV - Temporal Pole
[211] 41 HC { GMYV - OFC, Putamen, Thalamus, MFC, Cuneus
{ GMYV - Thalamus, Parahippocampal Gyrus, Lingual Gyrus,
Han et al., 2021 : :
[218.’] 195 MDD / 130 HC Whole-brain VBM N Hippocampus, Fusiform Gyrus, and Cerebellum
GMV - VeMPFC, Amygdala, Precuneus, Postcentral Gyrus
Kan;gf‘;‘ﬁg:j al, 39 MDD/ 42 HC Whole-brain VBM } GMYV - MeFC, ACC, MTG, TFG (pars triangularis)
Lee et al.. 2011 GMC - Midbrain (dorsal raphe nuclei, DRN), Subgenual ACC, Thal-
[21;] 47 MDD /51 HC Whole-brain VBM il amus, Insula, Accu, Amygdala, Hippocampus, Fusiform Gyrus, Lin-
gual Gyrus, Lingual Gyrus, MTG, STG, and Cerebellum
Peng et al., 2011 . GMD - STP, Insula, IFG, MTG, STG, OFG, Parahippocampal Gyrus,
[216] 22 MDD /30 HC Whole-brain VBM il MFG, and Cerebellum
Zhane ef al.. 2021 GMV - Insula, STP, MTP, Olfactory Gyrus, Gyrus Rectus, IOFG,
& - 30 MDD/ 63 HC Whole-brain VBM il Putamen, Caudate, STG, Cerebellum, Lingual Gyri, Parahippocampal

Gyrus, Fusiform Gyri, ITG

Abbreviations: ACC, Anterior Cingulate Cortex; Accu, Nucleus Accumbens; dMDD, currently depressed MDD patients; DALPFC dorsal anterolateral prefrontal cortex; DMPFC,
dorsomedial prefrontal cortex; FIRST, First-Episode; GMC, Gray Matter Concentration; GMV, Gray Matter Volume; GP, Globus Pallidus; HC, Healthy Controls; IFG, Inferior
Frontal Gyrus; ITG, Inferior Temporal Gyrus; IP, Inferior Parietal; IOFG, Inferior Orbitofrontal Gyrus; LOFC, Lateral Orbitofrontal Gyrus; MeOFC, Medial Orbitofrontal Gyrus;
MCC, MidCingulate Cortex; MDD, Major Depression Disorder; MeFG, Medial Frontal Gyrus; MeFC Medial Frontal Cortex; MFG, Middle Frontal Gyrus; MTG, Middle Temporal
Gyrus; MTP, Middle temporal Pole; MOG, Middle Occipital Gyrus; NA, Not Available; I0G, IPL, Inferior Parietal Lobule; Inferior Occipital Gyrus; OFC, Orbitofrontal Cortex;
OFG, Orbitofrontal Gyrus; PCG, Posterior Cingulate Gyrus; PCC, Posterior Cingulate Cortex; REM-REC, Remitted-Recurrent; ROI, Region-of-Interest; SBM, Surface-Based Mor-
phometry; SFG, Superior Frontal Gyrus; STP, Superior Temporal Pole; SPG, Superior Parietal Gyrus; SPL, Superior Parietal Lobule; Superior Parietal Lobule; tMDD, currently
remitted MDD patients; STG, Superior Temporal Gyrus; TRD, Treatment-Resistant Depression; VLPFC, Ventrolateral Prefrontal Cortex; VeMPFC, Ventral Medial Prefrontal Cor-

tex; VBM, Voxel-Based Morphometry.

¥ Lower regional GMV/GMC in patients.

t Greater regional GMV/GMC in patients.

Italics = Uncorrected Brain Results (or corrected with p>.001 AlphaSim).

for common and rare SNVs and rare CNVs and other struc-
tural variants in neuropsychiatric disorders, which are fre-
quently overrepresented in the fronto-limbic regions reported
so far [286]. While genetic influences on structural brain

characteristics of stress-related disorders overlap to some
range, the biological basis of this overhang is still unknown.
Moreover, the available literature is fairly filling this gap of
knowledge by the investigation at multiple levels, which
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Table 3. Brain morphological alterations in anxiety disorders.
Study Participants Analysis Brain Results
Massana et al., 2003 ROIs VBM: amygdala, hippo-
[239] 12PD /12 HC campus, temporal lobe \ GMV - Amygdala
Rauch et al., 2004 10 SP animal / 20 HC ROIs' SBM(1) 4 SBM(t) - Insula, pregenua_l ACC, PCC, superior and medial
[251] occipital cortex
Yoo et al., 2005 [278] 18 PD/ 18 HC Whole-brain VBM il GMYV - putamen
Uchida et al., 2008 19PD /20 HC ROIS> VBM t GMYV - insula, midbrain and pons
[267] il GMV - ACC
Asami et al., 2009 24 PD /24 HC Whole-brain VBM Il GMV - dmPFC, yerFC, amygdala, ACC, STG, insula,
[240] occipitotemporal, cerebellum
Hayano et al., 2009 30 PD /30 HC ROIs VBM: amygdala, hippo- Il GMV - Amygdala
[242] campus
_ , ) GMV - mPFC
Liao et al., 2011 [269] 18 PD/ 18 HC Whole-brain VBM X .
GMYV - ITG, hippocampus, parahippocampus
Hettema et al., 2012 ROIs VBM: amygdala, L )
[12] 17 GAD /17 HC hippocampus, ACC, OFC il GMYV - Hippocampus
Syal et al., 2012 [275] 13 SAD / 13 HC Whole-brain SBM(t,v) Il SBMt - Fusiform gyrus, ITG, Frontal and Tempqral poles, mOFC,
Insula, Postcentral and Supramarginal
t GMV SAD - Fusiform, parahippocampus, cerebellum
! GMV SAD - STG
Talati ef al., 2012 [282] 33 SAD/ 16 PD/ 37 Whole-brain VBM
HC 4 GMV PD - Cuneus
il GMV PC - Precentral, postcentral, MCC
Fisler er al., 2013 [248] | 2°5P (Sggers) /20 ROI VBM amygdala | GMV - Amygdala
. ROIs’ VBM amygdala, hippo-
Naet al., 2013 [266] 22 PD (!2 with agora- campus, parahippocampus } GMV PD with agoraphobia - mOFC
phobia) /22 HC .
thalamus, insula
Linares et al., 2014 19 SP (spiders)/ .
[250] 17 HC Whole-brain SBM(t) } SBMt - ACC
Lai et al., 2015 [272] 53PD/54 HC Whole-brain VBM } GMV - IFG, insula
Tiikel et al., 2015 [283] 27 SAD /27 HC Whole-brain VBM + GMV - MTG, ITG, Precuneus, Fusiform
Moon et al., 2017 [230] 20 GAD /20 HC Whole-brain VBM il GMYV - Midbrain, Thalamus, Hippocampus, Insula, STG
Makova[c2iz‘5]al., 2016 19 GAD/ 19 HC Whole-brain VBM } GMYV - Supramarginal, postcentral, precentral
Kawaguc[g;f"]“l #2016 1 435AD /18 HC ROI VBM: Insula ! GMV - Insula
SBMt - mOFC, rACC
Andreescu et al., 2017 | g GAp /31 HC Whole-brain SBM(t,v) |
[264] SBMv - IFG
Asaml[;’ztall]" 2018 38 PD /38 HC ROI SBM(v): Amygdala | SBMv - Amygdala
Bas.H d .. | 39 SAD (22 subclinic) ! SBMt - rACC, inferior parietal, supramarginal, temporal pole,
as-Hoogendam et al., subclinic 4 transverse temporal
2018 [247] /62 He ROIs” SBM(t,v.) | pora
SBMt - MFG, OFG, STG, Fusiform, rACC
i GMYV - Thalamus
Asami et al., 2018b 25PD/25HC | ROI VBM and SBMs: Thalamus |} ) _
(281] SBMs inward deformation
Ma et al., 2019 [246] 27 GAD /28 HC Whole-brain VBM } GMYV - Precentral gyrus, SFG
Chen et al., 2020 [231] 72 GAD /57 HC Whole-brain VBM il GMV - IFG, sgACC, vmPFC, dmPFC, insula

(Table 3) Contd....
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Study Participants Analysis Brain Results
K“nas[ez’zt‘g[]" 2020 143 PD/ 178 HC ROIs’ VBM ! GMV - Amygdala
Li et al., 2020 [263] 19GAD/19HC |ROIs VBM: AI?F% insula, SMA, | GMV - mPFC, ACC, OFC
Ni et al., 2020 [268] 26 PD /27 HC Whole-brain SBM(t) ! SBMt - Fusiform
} SBMt - SFG, MFG, rACC
Zhang et al., 2020 32 SAD/32 HC Whole-brain SBM(t,a)
[270] t SBMa - SFG rACC MFG STG OFC
; ! SBMv - NAce
Y"Shld"‘;;g“l » 2020 38 PD /38 HC ROT SBM(v,s): NAcc , )
[279] 4 SBMs - NAcc inward deformation
Takaishi et al., 2021 ROIs SBM(v): Hippocampal . .
[232] 38PD /38 HC subfields } SBMyv - Hippocampus (cornu ammonis 2/3)
Atma“‘[;;;’]l“ 2021 21 SAD /20 HC ROI VBM: insula | GMV - insula
Zhang[e;t;;l]., 2022 49 SAD /53 HC Whole-brain VBM 4 GMYV - thalamus, putamen, parahippocampus

Abbreviations: ACC, Anterior Cingulate Cortex; dmPFC, dorsomedial Prefrontal Cortex; GAD, Generalized Anxiety Disorder; GMV, Gray Matter Volume; HC, Healthy Controls;
IFG, Inferior Frontal Gyrus; /TG, Inferior Temporal Gyrus; MCC, Middle Cingulate Cortex; MFG, Middle Frontal Gyrus; MTG, Middle Temporal Gyrus; NAcc, Nucleus Accum-
bens; OFC, Orbitofrontal Cortex; PCC, Posterior Cingulate Cortex, PD, Panic Disorder; rACC, rostral Anterior Cingulate; RO/, Region-of-Interest; SAD, Social Anxiety Disorder;
SBM(t,v,a,s), Surface-Based Morphometry (thickness, volume, area, shape); sg4CC, subgenual Anterior Cingulate; SMA, Supplementary Motor Area; SP, specific phobia; STG,

Superior Temporal Gyrus, vimPFC, ventromedial Prefrontal Cortex.
1

2

: Amygdala, hippocampus, insula, ACC, thalamus, hypothalamus, midbrain.
: Amygdala, hippocampus, parahippocampus thalamus, insula, mOFC.

PO

tral gyrus, temporal pole, ITG, STG , fusiform gyrus and transverse temporal gyrus.
*: Amygdala, ACC, hippocampus, insula, thalamus, OFC.

} Lower regional GMV/SBM in patients.

t Greater regional GMV/SBM in patients.

Italics = Uncorrected Brain Results (or corrected with p>.001 AlphaSim).

should include pleiotropic effects (in cellular and animal
models) to human clinical neuroscience (e.g., neuroimaging),
and is up to now a great challenge.

One of the main difficulties is to disentangle whether the
structural brain differences detected in stress-related disor-
ders are, in essence, stress-related, or disease-related. While
in PTSD the relationship with traumatic stress and stress-
based fear conditioning responses is undeniable, in other
disorders the presence of stress, although crucial, is not sys-
tematically documented or identified. One could speculate
about the causal effects of stress in the development and dis-
play of stress-related disorders. However, the most parsimo-
nious view, based on the available literature, is a bidirection-
al relation in the sense of a continuum between structural
brain impairments due to stress events and the presence of a
stress-related disorder. Neuroimaging findings do not allow
us to know whether exposure to acute or chronic stress is a
necessary and sufficient condition for all the encompassed
stress-related disorders. While causality seems clear for
PTSD, this is not the case for MDD or anxiety disorders.
Therefore, when interpreting structural brain changes in
stress-related disorders, three possible scenarios emerge: a)
such volumetric changes within particular brain structures
are acquired, i.e. a consequence of exposure to stress, and
thus, these could arise in any individual exposed to a stress-
ful situation; b) these changes only appear in individuals who
develop the disease and thus are disease-specific, and when
exposure to stress can be confirmed, they could be disease-
and stress-specific; and c) these alterations are pre-existing,

: OFC, cingulate cortex, insula, parahippocampus, temporal pole, somatosensory cortex, visual cortex.

: Amygdala, hippocampus, pallidum, putamen, SFG, MFG, OFG, precentral gyrus, cACC, rACC, insula, superior parietal, inferior parietal, precuneus, supramarginal gyrus, postcen-

so it can be assumed that they are inherited and constitute a
predisposing or vulnerability factor.

This means that evidence of how stress impacts brain
development and confers risk for the future development of
pathology is still at the early stages. To solve some of these
issues, future neuroimaging studies should include detailed
measures of stress in early and adult life, valid proxies of
cumulative stress to be associated with the disease as well as
markers of the deleterious effect of the disorder itself to
identify similar associations as the ones observed in PTSD.
However, this is far to be a realistic pathway to reach such an
ambitious goal for two reasons: exposure to acute or chronic
stressful events does not always end up with the develop-
ment of a psychiatric condition (not even PTSD), and some
patients who develop stress-related disorders (even PTSD)
may have been exposed to a not-so-stressful situation, but
subjectively perceived as so. Multi-level factors should be
taken into account such as subjective measures of stress,
personality characteristics, cope styles, efc. Therefore, in
pursuit of defining the putative causal relationship between
stress and psychopathology, a breakthrough is needed, which
comes from a deep review of what is done to date, and what
would be the new ventures able to encompass the multifacto-
rial nature of the pathophysiology of stress-related disorders.

The intricate interplay of genetic and environmental fac-
tors -in the wider sense- is part of the endeavor to understand
the pathophysiology of mental disorders, and in particular
stress-related disorders. Epigenetic studies have represented
a promising breakthrough in this regard. Environmental in-
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fluences such as early and lifetime stress exposure have been
found to shape epigenetic patterns, altering the function of
the genome across the lifespan. At the same time, new evi-
dence have shed light on how treatment -both pharmacologi-
cal and psychotherapeutic as potential beneficial environ-
mental factors- can change and revert epigenetic risk patterns
[287]. Moreover, it is well-established that epigenetic chang-
es induced by stressors persist over time, could be passed
down to the next generations [288, 289], and could play a
mediating role in shaping brain structures through glucocor-
ticoid signaling pathways -for instance, altered transcriptome
regulation caused by epigenetic changes in glucocorticoid-
related genes had already been associated with the develop-
ment of stress-related disorders- [290]. If confirmed, struc-
tural brain changes could become markers for treatment in-
terventions, i.e., defining personalized strategies depending
on detectable long-lasting epigenetic changes that embed
observable shape characteristics of key brain structures. But
again, multiple variables may account for individual differ-
ences that should be taken into consideration.

As reviewed in prior sections, results of structural ab-
normalities differ across stress-related disorders. Recent re-
search has employed meta-analytic analyses or transdiagnos-
tic samples in the search for a shared pattern across a host of
these diagnostics in which stress seems to be either a neces-
sary or facilitating condition. Decreases in grey matter within
the hippocampus, the prefrontal cortex, and other regions
(e.g., insula, the superior temporal gyrus, or the cerebellum)
have been reported across disorders yet with conflicting re-
sults regarding whether these reductions are truly shared
among the variety of stress-related disorder. The question
that emerges from these findings is how many factors may
underlie these group differences which could be determinant
for each individual. Mega-analysis methods [291] are now
used to evaluate the specificity of structural alterations in
stress-related disorders and hopefully will help reveal the
potential relationship with core dimensions of psychopathol-
ogy, rather than hermetic categories. In this regard, the cur-
rent classification of disorders in the DSM-5 is a sign of the
times, and in a few years, it will be clear the utility of delet-
ing the exclusion of stressors as possible causes of a depres-
sive episode, the use of stressors as specifiers in anxiety dis-
orders or the appearance of a new diagnose category -acute
stress disorder- facilitate tailoring of diagnoses and treat-
ments. In this regard, new pharmacological strategies such as
ketamine, esketamine, and other antidepressant-like NMDA
receptor modulators, have been linked with the pathogenesis
of stress-related disorders and might have beneficial effects
in preclinical and clinical studies for PTSD [292] MDD [293,
294] and anxiety disorders [295].

CONCLUSION

While common and distinct structural alterations in key
brain regions have been consistently identified in the differ-
ent stress-related disorders, there are still unanswered ques-
tions. The occurrence of a traumatic stressful event is only a
prerequisite for establishing the diagnosis of PTSD; in all
other stress-related pathologies, although stress is a crucial
pathogenic factor, it is not always systematically measured,
examined, or reported. Extensive longitudinal studies are
needed to establish the relationship of stress more compre-
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hensively and unequivocally to changes in brain structure
throughout the disease. Thus, it may be time for stress re-
search to move away from the classical approach and adopt
new approaches to capture the multifaceted nature of stress.
The intricate relationship between the effects of stress, dis-
ease burden, neurodevelopmental stage, genetic vulnerabil-
ity, personality traits, or cognitive styles can only be accu-
rately unravelled from appropriately designed multimodal
and collaborative studies. This is a prerequisite for translat-
ing the wealth of knowledge generated in the research arena
to real-world clinical practice.

LIST OF ABBREVIATIONS

ACC = Anterior Cingulate Cortex
BDNF = Brain-derived Neurotrophic Factor
BLA = Basolateral Amygdala

DTI = Diffusion Tensor Imaging

GAD = Generalized Anxiety Disorder
GM = Gray Matter

HPA = Hypothalamic Pituitary Adrenal
MDD = Major Depressive Disorder
mPFC = Medial Prefrontal Cortex

MRI = Magnetic Resonance Imaging
PD = Panic Disorder

PFC = Prefrontal Cortex

PTSD = Post-traumatic Stress Disorder
SAD = Social Anxiety Disorder

STG = Superior Temporal Gyrus

TrkB = Tyrosine Receptor Kinase B
VBM = Voxel-based Morphometry
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