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Background: The basolateral complex of the amygdala is a crucial
neurobiological site for Pavlovian conditioning. Investigations into volumetric
alterations of the basolateral amygdala in individuals with major depressive
disorder (MDD) have yielded conflicting results. These may be reconciled in an
inverted U-shape allostatic growth trajectory. This hypothesized trajectory
unfolds with an initial phase of volumetric expansion, driven by enhanced
dendritic arborization and synaptic plasticity. The increase in volume is
followed by a reduction phase, as glucocorticoid exposure cumulatively results
in excitotoxic damage, reflecting allostatic load.

Methods: 7T magnetic resonance brain imaging was conducted on a total of 84
participants (mean age 38 + 12 years), comprising 20 unmedicated and 20
medicated individuals with MDD, 21 individuals suffering from bipolar disorder
and 23 healthy controls. We employed FreeSurfer 7.3.2 for automatic high-
resolution segmentation of nine amygdala subnuclei. We conducted analyses of
covariance, with volumes of the basolateral complex, the lateral nucleus and,
exploratively, the whole amygdala, as dependent variables, while controlling for
the total intracranial volume and sex. Quadratic regressions were computed
within the MDD group and in relevant subgroups to investigate the presence of a
U-shaped relationship between the number of preceding major depressive
episodes or the duration of the disease since the first episode and the
dependent variables.

Results: Diagnostic groups did not exhibit statistically significant differences in the
volumes of the basolateral amygdala (left F (3,75) = 0.66, p >.05; right F (3,76) =
1.80, p >.05), the lateral nucleus (left F (3,75) = 1.22, p >.05; right F (3,76) = 2.30,
p >.05)), or the whole amygdala (left F (3,75) = 0.48, p >.05; right F (3,76) = 1.58,
p >.05). No quadratic associations were observed between surrogate parameters
of disease progression and any of the examined amygdala volumes. There were no
significant correlations between subregion volumes and clinical characteristics.
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Conclusion: We found no evidence for the hypothesis of an inverted U-shaped
volumetric trajectory of the basolateral amygdala in MDD. Future research with
larger sample sizes, including the measurement of genetic and epigenetic
markers, will hopefully further elucidate this compelling paradigm.

amygdala, basolateral amygdala, volume, major depressive disorder, FreeSurfer, BLA,

MDD, 7T

1 Introduction

Affective disorders comprise major depressive disorder (MDD),
also known as unipolar affective disorder, and bipolar disorder (BP).
Affective disorders are mental diseases with high prevalence,
inflicting severe consequences on the affected individuals and
contributing greatly to the global burden of disease (1). For
example, MDD is estimated to affect about one in every six adults
during their lifespan (2). It is a heterogeneous disease with diverse
manifestations (3-6).

As mood, anxiety and stress are inherently interconnected (7,
8), a foundational understanding in contemporary psychiatry is that
mood disorders stem from prolonged stress responses, leading to
dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis (9,
10). A meta-analysis examining HPA-axis dysregulation in MDD
detected medium to small elevations in adrenocorticotropic
hormone and cortisol and a reduction in corticotropin releasing
factor (CRF) levels (11).

The amygdala is a subcortical brain twin structure, located
bilaterally in the anterior medial temporal lobe (12), consisting of 15
nuclei (13). Its medial and central nuclei are projecting to the
paraventricular nuclei of the hypothalamus, e.g., via the bed nucleus
of the stria terminalis (14), rendering it an important part of the
HPA axis. Amygdala activation enhances hypothalamic CRF
secretion (15).

Drawing upon cytoarchitectural and functional assessments, the
amygdala is frequently categorized into three primary subdivisions:
the basolateral, centromedial, and superficial amygdala (16, 17).
The basolateral complex of the amygdala (BLA) is the main input
site, receiving information from all sensory systems (visual,
auditory, somatosensory, olfactory, and gustatory), from the
hippocampus and the entorhinal cortex, and from polymodal
association cortices (18). It is composed of the lateral nucleus
(LA), the basal nucleus (also referred to as the basolateral
nucleus) and the accessory basal nucleus (often also named
basomedial nucleus). The neuronal morphology of the BLA
resembles that of the neocortex and is comprised mostly of
glutamatergic pyramidal neurons which express multipolar
dendritic trees that are covered with spines. Their axons form
numerous projections to other BLA neurons, amygdala nuclei, or

more remote brain areas (19).
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The amygdala is crucial for evaluating the emotional
significance of incoming stimuli (20). It mediates appropriate
physiological reactions (e.g., autonomic reactivity), memory
consolidation (via reciprocal connections with the hippocampus)
and behavioral adjustments (such as reward processing and
modulation of social behavior, via reciprocal connections with the
ventromedial prefrontal cortex and posterior orbitofrontal cortex)
(18, 21, 22). Neuroimaging studies in healthy individuals have
shown that the amygdala is particularly activated during
processing of negative emotions, most predominantly fear (23).
There is evidence from multimodal MRI studies that the amygdala
is crucially involved in the pathophysiology of depression.
Enhanced glucose metabolism and heightened resting cerebral
blood flow in the amygdala have been shown for individuals
affected by MDD (24, 25). Decreased connectivity of the frontal
lobe to the amygdala (26) is thought to lead to an increased activity
of the amygdala in depressed patients. Increased amygdala
activation in the face of a negative stimulus in depressed
individuals has been reported in a meta-analysis (27).

The BLA is a pivotal locus for associative learning, central in
encoding environmental cues, contexts, and behaviors, thereby
delineating the boundary between safety and recognized threats
(28). Associative learning unfolds as the brain establishes
connections among previously disparate elements, such as objects,
sights, sounds, ideas, or behavior. This process, known as
conditioning, intertwines the significance of one stimulus with
that of another (29). Synaptic plasticity in excitatory and
inhibitory circuits in the BLA, especially in the LA, have been
well established as the cellular substrate of Pavlovian associative
learning (30, 31). Pavlovian associative learning describes the
triggering of physiological and behavioral changes in response to
a conditioned, initially neutral stimulus, by the use of an aversive,
unconditioned stimulus (32). It is required for humans and other
mammals to scan and respond to their environment (32) and is a
near-ideal model to identify processes involved in fear acquisition
and extinction (33, 34).

On the pyramidal neurons of the LA, highly processed input
from sensory cortices converges with direct subcortical inputs via
the thalamus (22, 35). In more detail, excitatory synaptic inputs
conveying conditioned (e.g., sound) stimuli and unconditioned
stimuli (e.g., electric shock) converge on the same pyramidal
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neuron in the LA, leading to NMDA receptor-mediated long-term
potentiation conveying the conditioned stimulus to the LA
(Hebbian plasticity) (36). This leads to a strengthening of the
synapses carrying the conditioned stimulus information (37, 38).
While the central amygdala also contributes to fear conditioning
(19), our study focused on the BLA and the LA. Their
neurocircuitries provide a complex yet fairly well understood
model to approximate the real-world phenomena of fear and
threat learning.

The BLA is known to express mineralocorticoid and
glucocorticoid receptors, which are both susceptible to
glucocorticoids (39). Animal models employing chronic
immobility stress to mimic depression have revealed elevated
levels of glucocorticoids in the BLA (40, 41). After application of
this paradigm, enhanced dendritic length, branching and spines in
the BLA were observed (42, 43). Glucocorticoids are deemed to be
the mediating factor of this link (40, 44). Spines are typically
correlates of strongly excitatory synapses (28). Interestingly, the
effects of glucocorticoids on the BLA seem to differ from their effects
on other regions of the brain, e.g., the hippocampus, where
dendritic retraction was observed after stress exposure (45, 46).
Children with congenital adrenal hyperplasia exhibit reduced
amygdala volumes (47) as well as patients with Cushing
syndrome (48), underscoring the influence of elevated
glucocorticoid levels on amygdala volumes. Glucocorticoids and
CRF mediate changes of brain-derived neurotrophic factor (BDNF)
levels by altering transcription of the BDNF genes (49). BDNF is a
neurotrophin deemed to be potent modulator of neuronal survival,
growth, and differentiation, and specifically regulates morphological
plasticity of dendrites (50, 51). Lakshminarasimhan and Chattarji
showed that chronic stress causes an up-regulation of BDNF in the
BLA in rats (52). BDNF therefore is a potential pathway through
which glucocorticoids influence dendritic-spine formation in the
BLA (53). Antidepressant drugs as well have been proposed to act
on amygdalar spines via BDNF (54-56).

Previous investigations into the subnuclei of the amygdala have
produced inconsistent findings regarding the volume of the
basolateral amygdala. Some studies reported volumetric increases
(57), while others observed decreases (58, 59). Yet, there are also
studies noting no discernible alterations (60-62). In patients with
anxious MDD, which is one of the most common subtypes (63), Li
et al. found no significant differences in amygdala subfield volume
compared to patients with non-anxious MDD (64). A large sample
morphometric study conducted by the ENIGMA group (65)
revealed that patients experiencing their first MDD episode (n =
500) exhibited greater thickness and larger surface area in the BLA
compared to those with recurrent episodes (n = 1,174).
Additionally, this group observed that patients with an onset of
MDD at or before age 21 (n = 476) had lower thickness and smaller
surface area in the BLA relative to HC (n = 2,879). Post-mortem
studies in humans by Rubinow et al. (66) revealed a larger lateral
nucleus in depressed individuals and a higher total count of
neurovascular cells in the BLA compared to controls, respectively.
Notably, individuals with an MDD duration shorter than 5 years
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demonstrated a significantly higher number of neurovascular cells
in the accessory basal nucleus compared to those with a longer
history of the disease, suggesting time dependent effects of MDD on
neurovascular cells. Rubinow et al. did not investigate whether the
observed volume increase was specifically linked to enhanced
dendritic arborization. Therefore, this augmentation may be
attributed to dendritic branching, a higher count of neurovascular
cells, or a combination of both factors.

The concept of allostatic load, as proposed by Danese and
McEwen (67) may help to reconcile the contradictions observed in
volumetric alterations. Allostatic load refers to the cumulative
physiological burden placed on an organism as a result of
prolonged exposure to elevated levels of stress, leading to
structural adaptation processes. While these adaptations may
promote short-term survival, they often fail to establish true
homeostasis. Persistent exposure to stressors can result in chronic
overactivation of the stress-responsive system, which is detrimental
to the organism in the long term. In this context, histoanatomical
allostatic adaptations in the amygdala are correlates of efforts to
contextualize stimuli associated with threat and vigilance.

Hanson and Nacewicz (28) proposed an inverted-U shaped
allostatic growth trajectory to explain changes in amygdala volume.
They suggested that sustained stress initially leads to an increase in
the volume of the BLA through enhanced dendritic arborization.
This enlargement results in greater cellular complexity, particularly
within excitatory synapses, leading to heightened excitation.
However, as the balance between excitation and inhibition is
disrupted, metabolic demands rise, causing the accumulation of
neurotoxic compounds like glutamate. Glutamate, along with other
excitatory amino acids, is known to have neurotoxic effects under
certain conditions (68). Subsequently, the ensuing toxic-metabolic
damage may lead to dendritic loss and volume reduction.
Consistent with this, earlier studies provide evidence suggesting
an increase in amygdalar volume in patients newly diagnosed with
MDD (69, 70) followed by a decrease as the duration of MDD
progresses (71).

Hypothesis I. Given that unmedicated depressed individuals
(group MDDu) in our sample had a relatively short illness duration
and few major depressive episodes (MDEs), we hypothesized that
the volume of the basolateral amygdala (BLA) and its primary
component, the lateral nucleus (LA), would be increased in these
individuals compared to healthy controls as a consequence of
allostatic adaptations (28).

Hypothesis II. For patients in the medicated depressed group
(MDDm), characterized by longer illness durations and more
MDEs compared to those in the MDDu group, we proposed that
cumulative glucocorticoid exposure, leading to excitotoxic damage,
would outweigh any neuroprotective effects of antidepressant
medication. Consequently, we hypothesized volume reductions in
the BLA and LA for the MDDm group compared to the MDDu
group, even below the baseline volume observed in healthy
controls (HC).

Hypothesis III. Considering the significance of the amygdala in
anxiety disorders (72), we hypothesized that patients with comorbid
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anxiety disorders would exhibit smaller volumes of the BLA due to
heightened activation and increased toxic-metabolic strain.

Hypotheses IV & V. Following the concept of allostatic growth
trajectory, we hypothesized a negative quadratic correlation
between the numbers of MDEs or the total duration of the
disease and the volume of the BLA/LA in the major depressive
disorder groups (MDDu and MDDm).

2 Materials and methods
2.1 Study design and participants

The study design incorporated four distinct groups, consisting
of Caucasian in- and out-patients of the University Hospital of
Leipzig. The ages ranged from 18 to 65 years, with a mean age of 38
+ 12 years (see Table 1 for further information on the sample
characteristics). Individuals with a history of substance dependency
were strictly excluded.

Two groups of patients suffering from MDD were formed, all
currently experiencing a depressed mood state. One of them, named
MDDm, took medication at the time of the MRI scans. The second
group, MDDu, consisted of patients who had abstained from
psychopharmacological medication for a minimum of three
months before undergoing 7T MRI. For each participant in the
MDDu group, a healthy control (HC) matched in terms of sex, age
and handedness was recruited. Most patients in the fourth group,
which comprised individuals with bipolar disorder (BP), took
medication. All participants provided written informed consent.
The study was approved by the Ethics Committee of the University
Leipzig, Germany, and carried out in accordance with the latest
version of the Declaration of Helsinki.

Of 107 patients initially participating in the study, 101
underwent 3T MRI scanning to exclude neurological diseases.
Structured Clinical Interview for DSM-IV (SCID) (74)
assessments were conducted on 91 participants. Their disease
severity was evaluated with self-rating scales such as the Beck
Depression Inventory (BDI-II) (75), clinical rating scales like the
Bech-Rafaelsen Melancholia Scale (BRMS) (76), and structured
interviews including SIGH-D17/IDS-C3 (77) for the Hamilton
Rating Scale for Depression (HRSD) and the Inventory of
Depressive Symptomatology (IDS). We also recorded additional
parameters including the duration of the disease, defined as the time
interval between a patient’s current age and the age at first
diagnosis, as well as the duration of the current MDE, and the
number of MDEs (78) a patient had suffered from so far. 87 subjects
completed the 7T MRI phase. After 2-4 years, axis I diagnoses were
validated, resulting in a switch of diagnosis for one patient from
MDD to BP. Ultimately, 84 individuals were included for
volumetric analysis, with sample sizes of n = 20 for MDDm, n =
20 for MDDu, #n = 23 for HC, and n = 21 for BP. The sample sizes
ensured sufficient test power (1-B = 0.80) for large-sized effects with
an alpha error rate of 5% in a one-way ANOVA with fixed effects
and four groups (79). For further details please refer to Schindler
et al. (78).
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2.2 Image acquisition and pre-processing

A 7T whole-body MR scanner (MAGNETOM 7T, Siemens
Healthineers, Erlangen, Germany) and a 24-channel NOVA coil
(Nova Medical, Inc., Wilmington, MA, USA) were employed to
acquire T1-weighted high (0.7 mm isotropic) resolution images of
the brain.

A 3D Magnetization-Prepared 2 Rapid Acquisition Gradient
Echoes sequence (MP2RAGE) (80) was used with the following
parameters optimized for high contrast-to-noise ratio: repetition
time (TR) = 8.25 s; inversion times (TI1/TI2) = 1 s/3.3 s; flip angles
(al/a2) = 7°/5°% echo time (TE) = 2.51 ms; and bandwidth (BW) =
240 Hz/Px, 1 average. A field of view (FOV) of 224 mm x 224 mm x
168 mm combined with an imaging matrix of 320 x 320 x 240
resulted in a nominal acquisition voxel size of 0.7 mm isotropic.
With parallel imaging (81) and an acceleration factor of two, a scan
time of 18:02 min could be achieved. The scans were performed
from September 2010 to April 2014.

We used a combination of Medical Image Processing and
Visualization software (MIPAV, version 7.0.1) (82), and
Computational Anatomy Toolbox (CATI12; C. Gaser, Structural
Brain Mapping Group, Jena University Hospital, Jena, Germany,
http://www.neuro.uni-jena.de/cat/) to create binary brain masks.
These masks contained information for every voxel, indicating
whether it was categorized as brain tissues or meninges, or
attributed to the skull or environment.

2.3 FreeSurfer segmentation

FreeSurfer image analysis suite (http://surfernmr.mgh.harvard.edu/)
version 7.3.2 (August 2022) was used for cortical reconstruction and
volumetric segmentation. FreeSurfer’s main and fully automatic
image processing pipeline involves several steps such as motion
correction and averaging of the T1 weighted image (83), removal
of non-brain tissue using a hybrid watershed/surface deformation
procedure (84), automated Talairach transformation, segmentation
of subcortical structures (including the amygdala) (85, 86), and
automated topology correction (87). FreeSurfer’s morphometric
methods have been reported to exhibit strong reliability across
different scanners and field strengths (88, 89).

The binary brain masks were input into the main pipeline to
enhance FreeSurfer’s skull stripping process. For 20 images, the
initially acquired NIfTT images required cropping of non-brain
tissue to enable accurate Talairach transformation. Four subjects
required manual white matter editing due to the failure of
FreeSurfer’s automated topology correction. The editing was
conducted in accordance with the official instructions as
established by the FreeSurfer developers and available on their
website. After completing FreeSurfer’s main pipeline, all
segmentations were thoroughly visually quality-checked.
Subsequently, the amygdala subfield segmentation (implemented
in MATLAB runtime) (90) was performed (see Figure 1). Both the
main pipeline and the subfield module generate estimates for total
amygdala volumes. For subsequent analysis of total amygdala
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TABLE 1 Comparison of sociodemographic and clinical characteristics of the study groups.

Group comparison

Depression Depression Bipolar disorder

(unmedicated, n = 20) (medicated, n = 20) (n = 21) Controls (n = 23) Test statistic p-value
Sex (male/female) 8/12 7/13 9/12 9/14 X2 (3,n=284) =027 97
Age 36.2 +12.8 429 +10.8 393 £12.0 36.0 £ 12.8 F (3, 80) = 1.47 23
Laterality quotient 90.2 (- 100.0-100.0) 100.0 (-30.0-100.0) 81.0 (-80.0-100.0) 100.0 (-77.8-100.0) X? (3, n=283) =463 (k) .20
Intracranial volume (liter) 1.37 £ 0.15 1.36 £ 0.12 1.39 (1.17 - 2.04) 1.41 (1.14 - 2.16) X% (3, n = 84) = 0.498 (k) 92
Body mass index 257 +£49 245+6.1 250 £39 222 +21 F (3, 36) = 4.49 (w) .009**
Beck Depression Inventory II 264 +10.2 21.6 + 10.6 225+ 13.4 na. F (2,58) =097 .38
Bech-Rafaelsen-Melancholia Scale 16.3 + 4.9 148 79 18.6 £ 9.0 n.a F (2, 36) = 1.03 (w) 37
Hamilton Rating Scale 17.5 £ 6.9 162 +9.7 19.5 £ 8.9 n.a. F(2,58) =078 .46
for Depression
Inventory of 313+ 124 309 + 139 33.0 + 159 n.a F(2,58) =0.13 .88
Depressive Symptomology
Years since 1st episode 7.6 +10.4 13.3 + 10.5 159 + 10.6 n.a. F(2,57)=3.20 .048*
Weeks since onset of 12.0 (3-100) 16.0 (2-29) 10.0 (2-56) na. X% (2, N = 58) = 0.60 (k) 0.74
current episode
No. of depressive episodes 2.0 (1-5) 4.5 (1-60) 8.0 (1-33) n.a. X2 (2, N =61) =238 (k) <.0014+*
Overall no. of illness episodes 2.0 (1-5) 4.5 (1-60) 11.0 (2-65) n.a. X2 (2, N =61) =303 (k) <0014+

Means + SD or medians (range) for not normally distributed data, respectively, are listed. Degrees of freedom of the group comparisons (ANOVA or chi-squared, respectively) are given in brackets. Laterality quotient, as defined by the Edinburgh inventory (73). *p <.05,

*p<.01, **p <.001, (k) Kruskal—Wallis test, n.a, not available, (w) Welch Statistic.
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volume, the values obtained from the subfield module were selected
due to their higher accuracy, as acknowledged by the FreeSurfer
developers. Intracranial volume (ICV) was determined using
FreeSurfer’s measurement of estimated total intracranial volume.
Volumes of the left and right BLA were calculated by summing the
computed volumes of lateral, basal, and accessory basal nuclei.

2.4 Data characteristics and
statistical analyses

Statistical analyses were performed using SPSS Statistics 29
(SPSS Inc. Released 2022. PASW Statistics for Windows, Chicago,
USA). All tests were two-tailed and p values below.05 were
considered significant. Normality was tested using the Shapiro-
Wilk test and confirmed for the volumes of total amygdala, BLA
and LA as well as for age. Two subjects (study groups HC and BP)
exhibited unusually high values for the ICV (|z| > 3.29). Visual
inspection did not reveal major segmentation errors. Prior to
further statistical analysis, these outliers were excluded from the
dataset, resulting in confirmation of the assumption of normality.
An additional individual in the BP group demonstrated unusually
small left-sided volumes of interest (|z| for the left LA > 2.58, |z| for
the left BLA > 3.29). As a result, this subject was excluded from the
analysis of the left side only. Therefore, we proceeded with a sample
size of N = 81 for the left-side volumes and N = 82 for the right-side
volumes for further analysis.

10.3389/fpsyt.2024.1404594

As left and right-side volumes of interests highly correlated
(whole amygdala and BLA r (83) = .90, LA r (83) = .88), a
univariate approach was favored. Initially, a one-way ANOVA
was performed for the left and right-side volumes each. The study
groups were well balanced with regard to their main potential
confounders ICV, sex, and age (see Table 1). The impact of these
potential confounding variables on the dependent variables was
examined as shown in Table 2. Based on these analyses, the group
comparisons were repeated under stepwise inclusion of ICV and
then sex (ANCOVA).

To examine the disease progression-dependent inverted U-
shaped trajectory, we conducted bivariate quadratic regressions
between the number of MDEs and the volumes of the left and
right BLA and LA for a pooled MDD group, as well as for the
MDDu and MDDm group separately. Additionally, we computed
bivariate quadratic regressions to explore the relationship between
the overall duration of the disease since the onset of the first MDE
and the volumes of interest for the same groups.

We assessed linear correlations using Spearman’s rho for non-
normally distributed data and Kendall’s 7 for non-equidistant
ordinal data between the regions of interest and clinical
characteristics, including age of onset, weeks since the onset of
the current episode, BDI, BRMS, HRSD, IDS and the factor two
(anxiety and arousal) items of IDS (91, 92). This assessment was
conducted for the diagnostic groups separately, as well as for a
pooled patients group (comprising BP, MDDu, and MDDm) and a
pooled MDD group (comprising MDDu and MDDm).

FIGURE 1

T1-weighted images at a resolution of 0.7 x 0.7 x 0.7 mm, depicting amygdala nuclei segmentation in coronal (A), sagittal (B), and axial (C)
orientations, as well as in three-dimensional (3D) planar view (D). Blue indicates the lateral nucleus, red the basal nucleus, and orange the accessory

basal nucleus. A, Anterior; |, Inferior; L, Left; P, Posterior; R, Right; S, Superior
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TABLE 2 Impact of confounding variables on volumes of interest.

Left
Covariates Whole Basolateral Lateral
Amygdala Complex Nucleus
(N = 81) (N = 81) (N = 81)
ICV 7 (81) = .67, 7 (81) = .66, r(81) = .63,
p <001+ p <.001¢* p <.001+*
Sex t(81)=3.97, £(81) = 3.82, £ (81)= 4.09,
p <0014+ p <.001%* p <001+
Age p(81)=-01,p=915  p(81)=-01,p =941

p (81) = -.01, p =932

10.3389/fpsyt.2024.1404594

Right

Whole Basolateral Lateral
Amygdala Complex Nucleus
(N = 82) (N = 82) (N = 82)
r(82) = .61, 7 (82) = .60, r(82) = .58,
p <.001*** p <001 p <.001**

t(82) = 4.16, t(82) = 3.8,

p <001 P <001+ p <0010

t (82)= 4.16,

p(82)=.09,p=.436 | p(82)=.11,p=323 p(82) = .12, p = 299

***p <.001, ICV: intracranial volume, Pearson’s correlation coefficient r, Spearman’s correlation coefficient p, Student’s ¢ for independent t-tests. The p values listed in the tables are not corrected

for multiple testing using Bonferroni correction.

3 Results

3.1 Group comparisons

In healthy controls, the absolute volume of the left amygdala
was 1766.5 + 2064 mm® and 1801.3 + 199.9 mm?® for the right
amygdala, 1380.2 + 163.3 mm?® for the left BLA, and 1392.5 + 156.4
mm?® for the right BLA. For the LA, volumes of 666.6 + 78.5 mm?®
(left) and 666.1 + 70.9 mm® (right) were obtained in healthy
individuals. All volumes are presented in Table 3.

The study groups differed significantly in the number of MDEs
and the time elapsed since the first MDE, but not in clinical
depression severity ratings (see Table 1).

Stepwise global comparisons (ANOVA, ANCOVA with sex, and
ANCOVA with sex and ICV) did not find significant differences
between the study groups with respect to the mean volume of the

BLA (e.g., full model left F (3,75) = 0.66; right F (3,76) = 1.80, all p
>.05) or the mean volume of the LA (left F (3,75) = 1.22; right F (3,76)
=2.30, all p >.05). No significant differences were found either in the
exploratory group comparison of the volume of the entire amygdala
(left F (3,75) = 0.48; right: F (3,76) = 1.58, all p >.05). Detailed
statistics on group comparisons are displayed in Table 3.

In the ANCOVA examining the left whole amygdala and the
left BLA, the assumption of homogeneity of regression slopes was
violated when correcting for the covariates ICV and sex. This
violation has little influence on alpha error probability or test
power (93-96).

To compare patients with and without comorbid anxiety disorders
in their medical history, as assessed with the SCID, we conducted
Student’s t-tests, initially including all MDD patients, and subsequently
analyzing MDDm and MDDu groups separately (see Supplementary
Material 1). No statistically significant results were observed.

TABLE 3 Measured volumes in mm?® + standard deviation and group comparisons.

Healthy
Controls
(n=22)

Depressed
(unmedicated)
(n =20)

Depressed
(medicated)
(n=20)

Bipolar disorder
(n(Left) = 19, n

(Right) = 20)

Group

comparison

Corrected
for ICV

Corrected
for ICV
& sex

Left 1766.5 1763.0 £ 157.6 1739.4 + 235.2 1690.1 + 251.3 F (3,77) = 0.53, F (3,76) = 0.53, F (3,75) = 0.48,
Whole +206.4 p = .663, partial p = .660, partial | p = .694, partial
Amygdala n° = .020 7’ =.021 n? =.019 (H)
Left 1380.2 1375.1 £ 122.0 1359.6 + 186.6 1314.3 £ 193.6 F (3,77) = 0.62, F (3,76) = 0.66, F (3,75) = 0.66,
Basolateral +163.3 p = .602 partial p =.578, partial | p =.582, partial
Complex 7’ = .024 7’ = .025 77 = .026 (H)
Left 666.6 + 78.5 665.2 £ 71.6 660.5 + 91.5 628.9 + 88.6 F(3,77) =090, | F(3,76) =106, @ F(3,75) =122,
Lateral Nucleus p = .443, partial p =.369, partial | p = .308, partial
7’ = .034 7? = .040 n? =.047
Right 1801.3 1825.0 + 158.5 1776.8 + 258.4 1700.4 + 266.5 F(3,78) = 1.17, F(3,77) = 1.52, F (3,76) = 1.58,
Whole +199.9 p=.328, partial | p=.215, partial = p =201, partial
Amygdala 7’ =.043 7’ = .056 7’ = .059
Right 1392.5 1410.8 + 116.6 1370.5 + 205.7 1308.3 + 202.2 F (3,78) = 1.33, F(3,77) = 1.71, F (3,76) = 1.80,
Basolateral + 156.4 p = .270, partial p =.172, partial = p = .155, partial
Complex 77 = .049 7’ = .062 77 = .066
Right 666.1 +70.9 675.1 £ 56.8 653.6 + 104.3 622.02 + 84.0 F (3,78) = 1.67, F(3,77) = 2.12, F (3,76) = 2.30,
Lateral Nucleus p = .181, partial p =.104, partial | p = .084, partial
7° = .060 7’ = .076 7’ = .083

ICV, intracranial volume. F: AN(C)OVA statistics, degrees of freedom are given in brackets. The p values listed in the table are not corrected for multiple testing using Bonferroni correction. (H)
Homogeneity of regression slopes violated.
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3.2 Correlation between numbers of MDEs
or duration of illness and volumes
of interest

The quadratic regressions between the number of MDEs and
the volumes of the left and right BLA and LA, calculated for the
pooled MDD group and for the MDDu and MDDm group, did not
reach statistical significance (Table 4).

The quadratic regressions between the overall duration since
the onset of the first MDE and the volumes of the BLA (left R®=.38,
p <.05; right R” = .45, p <.01) and LA (left R* =.36, p <.05; right R® =
.40, p <.05) were found to be highly significant in the MDDu group.
However, this effect was mainly driven by two individuals (duration
29 and 36 years; see Figure 2), limiting interpretability of the effect.
None of the regressions in the other groups were found to be
significant (Table 4).

3.3 Correlations with clinical characteristics

In the MDDm group, statistically significant correlations were
observed between weeks since the onset of the current episode and
the volumes of the left BLA (p = .49, p <.05), left LA (p = .47, p <.05)
and right BLA (p = .47, p <.05). These correlations did not remain
significant after adjusting for multiple comparisons using
Bonferroni correction. None of the other correlations reached
statistical significance. All clinical correlations are displayed in
Supplementary Material 2.

4 Discussion

4.1 General considerations and reliability of
the study

Our volume measurements obtained using 7T MRI align
excellently with recent subfield studies (58, 60, 97) as well as with
a meta-analysis (98), confirming the general validity of our
volumetric estimates. The total and subfield volumes of the
amygdala correlate bilaterally with the ICV, as anticipated (99).
Previous studies (100) have reported that men tend to have larger
amygdala volumes than women, a finding consistent with our
results. However, this difference is likely due to variations in ICV
rather than a true sexual dimorphism (99). The finding that age is
not a confounder in our study is also consistent with existing
literature (101, 102).

It is widely accepted that the amygdala exhibits subtle to
moderate volumetric asymmetry in healthy individuals, typically
favoring the right hemisphere (103, 104). This asymmetry is
primarily attributed to a larger right-sided nucleus (97). In our
sample, we observed slight asymmetries in favor of the right side
(see asymmetry indices in Supplementary Material 3).
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4.2 BLA/LA volumes (hypotheses |, I
and 111)

Contrary to our expectations, we did not find evidence of
increased volumes in the BLA or the LA in the MDDu group
compared to HC. Similarly, we did not find evidence of decreased
volumes in the MDDm population.

The patients in the MDDm group had experienced more MDEs
(Uyo = 97.50, p = .005) and a longer period of time (Usy = 120.00,
p = .050) had passed since their first episode (see Table 1). This
suggests that their illness had progressed further compared to
individuals from MDDu group. As previously evidenced, there is
an augmentation in amygdala volume earlier in the progression of
MDD (63, 69, 105), with a subsequent reduction as the disease
advances (71).

However, the medication status of MDDm is also a potential
confounder. Patients from the MDDm group were treated either with
an antidepressant monotherapy, antidepressants combined with
sedative drugs, or with a combination of antidepressants with
lithium plus atypical neuroleptics. Several authors have proposed
that antidepressant medication may influence amygdalar volumes
(56, 106). The neuroprotective effects of antidepressant treatment
may have offset or balanced the effects of cumulative glucocorticoid
toxicity and excitotoxic damage. It is important to emphasize that
both the unmedicated and medicated groups presented with markers
of disease severity that did not differ statistically significantly. This
suggests a persistent disease progression even under antidepressant
medication. Therefore, it appears that the confounding effect could be
considered manageable to a certain extent. To completely rule out
this influence, two groups with the same or similar number of MDEs
and duration of illness would have been necessary, differing only in
medication status. However, this proved unattainable due to
insufficient availability of eligible patients.

Our hypotheses proposed a trajectory wherein basolateral
amygdala volumes would change from a baseline, as observed in
healthy volunteers, to an enlarged state in individuals with MDDu
(indicating a shorter duration of MDD), followed by a subsequent
decline below the original baseline in individuals with MDDm
(reflecting a longer course of the disease). However, establishing
these baselines may be confounded by significant variations in both
the shape and volume of the amygdala among individuals in the
general population, a phenomenon influenced by factors such as
genetics (107, 108). Consequently, the considerable inter-individual
diversity in amygdala volumes within the normal spectrum might
obscure the detection of effects specific to certain diseases. Detecting
or ruling out minor changes in a variable with significant variation
would therefore necessitate large sample sizes to ensure reliability.

Our finding of no significant group difference in BLA/LA
volume is consistent with a recent subfield study by Brown et al.
(62), which comprised a similar sample size (MDD n = 24). They
used an older FreeSurfer version 6.0, and their MDD patients had
been antidepressant free only for at least 4 weeks, while our MDDu

frontiersin.org


https://doi.org/10.3389/fpsyt.2024.1404594
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Kirzinger et al. 10.3389/fpsyt.2024.1404594

TABLE 4 Quadratic regressions on number of major depressive episodes and duration of illness.

Left

Right

Basolateral Lateral Nucleus

Complex

Basolateral Lateral Nucleus

Complex

Number of Major Depressive |~ R’ = .11, F (2,37) =221, = R’=.04, F (2, 37) = 0.85, R’ =.11,F(2,37) =230, R>=.07, F(2,37) =145,
Episodes ~ p=.124 p=.437 p=.115 p=.248
MDD
Duration of disease ~ R>=.04,F(2,36) =082, R’=.05F(2,36) =101, R? = .02, F (2, 36) = 43, R? = .02, F (2, 36) = .45,
p =448 p=.376 p=.652 p=.64
Number of Major Depressive =~ R>=.13, F(2,17) = 1.29, = R’ =.05, F (2, 17) = 0.49, R’=.16,F(2,17) =157, R*=.11,F(2,17) = 1.06,
Episodes ~ p =300 p=.622 p=.236 p=.369
MDDm
Duration of disease ~ R’ =.01,F(2,17) =006, R?=.01,F(2,17) = 0.07, R?=.00,F(2,17) = 0.00,  R>=.00, F (2, 17) = 0.03,
p =945 p=.933 p=.998 p=.975
Number of Major Depressive |~ R’ = .13, F(2,17) = 1.25, R’=.09, F (2, 17) = 0.85, R>=25,F(2,17) =286, R>=.19,F(2,17) = 2.03,
Episodes ~ p=2312 p = 446 p=.085 p=.162
MDDu
Duration of disease ~ R?>=38,F(2,16) =487, R’= .36, F (2, 16) = 4.50, R?= 45,F(2,16) = 642, = R®>= 40, F (2, 16) = 5.29,
p=.022% p=.028* P =009 p=.017*

Coefficient of determination R”. *p <.05, **p <.01. p values are not corrected for multiple comparison using Bonferroni correction. MDD, Depressed patients; MDDm, Medicated depressed
patients; MDDu, Unmedicated depressed patients.

sample was drug free for at least three months. Our results,
indicating no significant group differences between patients with

negative quadratic associations between surrogate parameters of
MDD progression and amygdalar volumes have not been
tested before.

The number of MDEs in our study ranged between 1 and 5
(MDDu) and between 1 and 60 (MDDm). In MDDm group,
however, the range was predominantly between 1 and 10 with

and without comorbid anxiety disorders, align with Li et al. (64).
However, these findings should be interpreted with caution due to
our small sample size (MDD with comorbid anxiety, n = 7).

two outliers at the count of 23 and 60 episodes. This range may have
been insufficient for an inverted U-shape pattern to manifest.

4.3 No quadratic association between
number of MDEs and the volumes of the
BLA/LA (hypotheses IV and V)

Our second hypothesis of a negative quadratic association
between the number of MDEs or duration of illness and the
volumes of interest was also not supported. To our knowledge,

By its very nature, attempting to investigate a time-dependent
effect with a cross-sectional study design is very limited.
Longitudinal studies on amygdalar volume alterations in MDD
did not find changes in amygdala volume (109); however, they did
not examine at the subnuclei level. To detect time-dependent
changes in amygdalar volumes, large-scale longitudinal studies at
the subnuclei level would be necessary.
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FIGURE 2

Quadratic regression between the duration of disease and the volume of the right basolateral complex.
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The complexity and heterogeneity of MDD potentially
constitute significant confounding factors, given the incompletely
understood pathophysiology of the disease (3, 4). It is assumed that
the different subtypes of MDD are based on varying underlying
mechanisms (5, 6). E.g,, a reduction in amygdala volume was
observed in individuals with psychotic depression, but not in
those with non-psychotic depression (110). Psychotic depression
was rarely observed in our sample population; thus, it couldn’t be
completely ruled out as a confounding factor. Cong et al. reported
bilateral volume increases of the basal nuclei in their subfield study
comprised of 59 first MDE patients with suicidal ideation (57).
Enlarged amygdala volumes and suicidality have been associated
before (111, 112). We did not assess for suicidal ideation in our
sample. Early life adversity and psychological trauma need to be
considered as well as potential powerful confounders. Both correlate
with alterations in amygdala volumes (113) as well as with a
heightened severity and chronicity of MDD (114) and diminished
efficacy in treatment response and remission outcomes (115, 116).
We did not take early life adversity and psychological trauma into
account in this study.

4.4 Exploratory investigation of whole
amygdala volume and clinical correlations

Our exploratory analysis of whole amygdala volumes did not
reveal any significant group differences. This finding is consistent
with several large meta-analyses, which did not identify significant
changes in whole amygdala volumes. An exception is the study by
Hamilton et al. (56) which included only medicated MDD patients.
Given that some of the aforementioned subfield studies have
reported volume increases in certain nuclei alongside decreases in
others, it is likely that these effects counterbalance each other.

Our findings of no significant clinical correlations are consistent
with those of the multicenter study by the ENIGMA group (65), and
are also supported by the work of Roddy et al. (60) and Kim et al.
(58). They stand in contrast to only two subfield studies. Brown
et al. reported significant negative correlations between the severity
of depressive symptoms and the volumes of the right LA, the right
BLA and the left accessory basal nucleus (62). Tesen et al., in their
study involving 76 drug-naive individuals experiencing their first
episode of MDD, identified an inverse linear correlation between
the total and core scores of the Hamilton Rating Scale for
Depression and the volume of the right LA (61).

4.5 Strengths and limitations

The utilization of a 7T MRI field strength offers superior signal
quality and enables ultra-high resolution, which is particularly
advantageous for distinguishing between the very small amygdala
nuclei (117). We employed the highly up-to-date version 7.3.2
(August 2022) of FreeSurfer, which capitalizes on the submillimeter
resolution of our images, thereby facilitating state-of-the-art automatic
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segmentation. An important advantage of automated segmentation
methods such as ours is the reduction of investigator bias.

Our study comprised for the first-time uni- and bipolar
depression in vivo cohorts that were carefully balanced for key
confounding variables (age, sex, ICV, handedness, disease severity)
and excluded individuals with neurological comorbidities. The initial
diagnoses of MDD and BP were established through a structured
interview cross-sectionally, and their accuracy was subsequently
confirmed by longitudinal data provided by the treating
psychiatrists. Our MDDu group refrained from psychotropic
medication for a minimum of 3 months prior to the 7T MRI scan.
Only original volumes were utilized for statistical analysis, and the
results were rigorously adjusted by stepwise inclusion of all
significant confounders.

A primary strength of this study lies in our meticulous
hypothesis-driven approach. This sets it apart from some other
recent studies on amygdalar subfield volumes, which have not
explicitly stated their a priori hypotheses and have not provided
compelling explanations for their findings. Consequently, we
refrained from conducting tests on the other amygdala nuclei
without establishing stringent hypotheses beforehand.

The sample sizes were calculated to ensure sufficient test power
to detect large-sized effects. Given the aforementioned genetic
variability of amygdala volumes, we acknowledge that the sample
sizes (20 participants each in the medicated and unmedicated MDD
groups) may have been too small to detect basolateral amygdala
volume alterations. Larger sample sizes were not within the scope of
this study, as recruiting unmedicated MDD patients proved to be
very challenging.

We recognize that the more advanced MDD disease state of
patients in the MDDm group is confounded by their medication
status, making it harder to identify effects uniquely attributable to
illness progression.

Despite the extensive validation efforts, there are also reasons to
cautiously evaluate FreeSurfer’s results. Automated segmentation
has significantly improved the feasibility of neuroimaging analysis
and enables the processing of larger sample sizes within a
reasonable timeframe. Nevertheless, there are recommendations
for vigilance in interpreting the findings of these techniques
(118). This is particularly true for “the amygdala [which] is a
highly complex structure with a small overall volume” (97),
making it notoriously difficult to measure accurately. Hanson
et al,, e.g., observed only low bivariate correlations between the
automated amygdala segmentations generated by an older (2012)
version of FreeSurfer and the volumes obtained from their hand-
tracing (119).

4.6 Conclusions and implications for
further research

In conclusion, this study could not confirm an inverted U-

shaped trajectory of basolateral amygdala volumes during the
course of MDD. To our knowledge, this is the first examination
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of the allostatic load theory in MDD concerning alterations in
basolateral amygdala volume. No alternative theory to date has
demonstrated comparable ability in integrating previously
discordant findings on basolateral amygdala volume, while
grounding them in robust biophysiological principles. We hope
that other research groups will test the inverted U-shape hypothesis
with larger sample sizes in the future.

To comprehensively assess the structural implications of
affective disorders such as MDD on the brain, it will be
advantageous to investigate not only clinical variables but also
genetic and epigenetic characteristics. That approach may
elucidate longitudinal volume alterations as the disease evolves,
making it even more suitable to explore U-shaped trajectories.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Ethics
Advisory Board, University of Leipzig. The studies were
conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study. Written informed
consent was obtained from the individual(s) for the publication of
any potentially identifiable images or data included in this article.

Author contributions

BK: Conceptualization, Data curation, Investigation, Methodology,
Software, Visualization, Writing - original draft. SS: Conceptualization,
Formal analysis, Investigation, Methodology, Supervision, Validation,
Writing — review & editing. MM: Writing - review & editing. AR:
Writing - review & editing. RTr: Data curation, Writing — review &
editing. RTu: Data curation, Writing — review & editing, Supervision.
PS: Conceptualization, Data curation, Funding acquisition,
Investigation, Methodology, Project administration, Resources,
Supervision, Validation, Writing — review & editing.

References

1. Kyu HH, Abate D, Abate KH, Abay SM, Abbafati C, Abbasi N, et al. Global,
regional, and national disability-adjusted life-years (DALYs) for 359 diseases and
injuries and healthy life expectancy (HALE) for 195 countries and territories, 1990-
2017: A systematic analysis for the Global Burden of Disease Study 2017. Lancet. (2018)
392:1859-922. doi: 10.1016/S0140-6736(18)32335-3

2. Bromet E, Andrade LH, Hwang I, Sampson NA, Alonso J, de Girolamo G, et al.
Cross-national epidemiology of DSM-IV major depressive episode. BMC Med. (2011)
9. doi: 10.1186/1741-7015-9-90

Frontiers in Psychiatry

11

10.3389/fpsyt.2024.1404594

Funding

The author(s) declare financial support was received for the
This
publication is funded by the Open Access Publishing Fund of

research, authorship, and/or publication of this article.

Leipzig University supported by the German Research
Foundation within the program Open Access Publication Funding.

Acknowledgments

We thank PD Dr. Stefan Geyer for his gracious support for
acquisition of the 7T MR imaging. During the preparation of this
work, the corresponding author used OpenAI’s ChatGPT (GPT-3.5;
2024) for proofreading grammar and spelling in order to improve
readability and language. After utilizing this tool, the corresponding
author reviewed and edited the content as needed and takes full
responsibility for the content of the publication.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpsyt.2024.1404594/
full#supplementary-material

3. Otte C, Gold SM, Penninx BW, Pariante CM, Etkin A, Fava M, et al. Major
depressive disorder. Nat Rev Dis Primers. (2016) 2:1-21. doi: 10.1038/nrdp.2016.65

4. Pitsillou E, Bresnehan SM, Kagarakis EA, Wijoyo SJ, Liang ], Hung A, et al. The
cellular and molecular basis of major depressive disorder: towards a unified model for
understanding clinical depression. Mol Biol Rep. (2020) 47:753-70. doi: 10.1007/
s11033-019-05129-3

5. Lee H-Y, Kim Y-K. Pathophysiology and Treatment Strategies for Different Types
of Depression. In: Kim Y-K, editor. Understanding Depression : Volume 1. Biomedical

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpsyt.2024.1404594/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyt.2024.1404594/full#supplementary-material
https://doi.org/10.1016/S0140-6736(18)32335-3
https://doi.org/10.1186/1741-7015-9-90
https://doi.org/10.1038/nrdp.2016.65
https://doi.org/10.1007/s11033-019-05129-3
https://doi.org/10.1007/s11033-019-05129-3
https://doi.org/10.3389/fpsyt.2024.1404594
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Kirzinger et al.

and Neurobiological Background. Springer Singapore, Singapore (2018). p. 167-76.
doi: 10.1007/978-981-10-6580-4_14

6. Penninx BWJH, Milaneschi Y, Lamers F, Vogelzangs N. Understanding the
somatic consequences of depression: Biological mechanisms and the role of
depression symptom profile. BMC Med. (2013) 11. doi: 10.1186/1741-7015-11-129

7. Pittenger C, Duman RS. Stress, depression, and neuroplasticity: A convergence of
mechanisms. Neuropsychopharmacology. (2008) 33:88-109. doi: 10.1038/
sj.npp.1301574

8. Richter-Levin G, Xu L. How could stress lead to major depressive disorder? IBRO
Rep. (2018) 4:38-43. doi: 10.1016/j.ibror.2018.04.001

9. Kendler KS, Karkowski LM, Prescott CA. Regular articles causal relationship
between stressful life events and the onset of major depression. Am J Psychiatry. (1999)
156(6):837-41. doi: 10.1176/ajp.156.6.837

10. Keller J, Gomez R, Williams G, Lembke A, Lazzeroni L, Murphy GM, et al. HPA
axis in major depression: Cortisol, clinical symptomatology and genetic variation
predict cognition. Mol Psychiatry. (2017) 22:527-36. doi: 10.1038/mp.2016.120

11. Stetler C, Miller GE. Depression and hypothalamic-pituitary-adrenal activation:
A quantitative summary of four decades of research. Psychosom Med. (2011) 73:114-26.
doi: 10.1097/PSY.0b013e31820ad12b

12. Swanson LW, Petrovich GD. What is the amygdala? Trends Neurosci. (1998)
21:323-31. doi: 10.1016/S0166-2236(98)01265-X

13. Ding S-L, Royall JJ, Sunkin SM, Ng L, Facer BAC, Lesnar P, et al. Comprehensive
cellular-resolution atlas of the adult human brain. ] Comp Neurol. (2016) 524:3127-481.
doi: 10.1002/cne.24080

14. Herman JP, Nawreen N, Smail MA, Cotella EM. Brain mechanisms of HPA axis
regulation: neurocircuitry and feedback in context Richard Kvetnansky lecture. Stress.
(2020) 23:617-32. doi: 10.1080/10253890.2020.1859475

15. Herman JP, Mcklveen JM, Solomon MB, Carvalho-Netto E, Myers B. Neural
regulation of the stress response: Glucocorticoid feedback mechanisms. Braz ] Med Biol
Res. (2012) 45:292-8. doi: 10.1590/S0100-879X2012007500041

16. Amunts K, Kedo O, Kindler M, Pieperhoff P, Mohlberg H, Shah NJ, et al.
Cytoarchitectonic mapping of the human amygdala, hippocampal region and
entorhinal cortex: Intersubject variability and probability maps. Anat Embryol.
(2005) 210(5-6):343-52. doi: 10.1007/500429-005-0025-5

17. Ball T, Rahm B, Eickhoff SB, Schulze-Bonhage A, Speck O, Mutschler I
Response properties of human amygdala subregions: Evidence based on functional
MRI combined with probabilistic anatomical maps. PloS One. (2007) 2:€307.
doi: 10.1371/journal.pone.0000307

18. LeDoux J. The amygdala. Curr Biol. (2007) 17:R868-74. doi: 10.1016/
j.cub.2007.08.005

19. Pape H-C, Pare D. Plastic synaptic networks of the amygdala for the acquisition,
expression, and extinction of conditioned fear. Physiol Rev. (2010) 90:419-63.
doi: 10.1152/physrev.00037.2009.-The

20. Davis M, Whalen PJ. The amygdala: vigilance and emotion. Mol Psychiatry.
(2001) 6:13-34. doi: 10.1038/sj.mp.4000812

21. Pitkdnen A, Pikkarainen M, Nurminen N, Ylinen A. Reciprocal connections
between the amygdala and the hippocampal formation, perirhinal cortex, and
postrhinal cortex in rat: A review. Ann N Y Acad Sci. (2000) 911:369-91.
doi: 10.1111/j.1749-6632.2000.tb06738.x

22. Mcdonald AJ. Cortical pathways to the mammalian amygdala. Prog Neurobiol.
(1998) 55:257-332. doi: 10.1016/s0301-0082(98)00003-3

23. Costafreda SG, Brammer M]J, David AS, Fu CHY. Predictors of amygdala activation
during the processing of emotional stimuli: A meta-analysis of 385 PET and fMRI studies.
Brain Res Rev. (2008) 58:57-70. doi: 10.1016/j.brainresrev.2007.10.012

24. Drevets WC, Price JL, Furey ML. Brain structural and functional abnormalities
in mood disorders: Implications for neurocircuitry models of depression. Brain Struct
Funct. (2008) 213:93-118. doi: 10.1007/s00429-008-0189-x

25. Drevets WC, Price JL, Bardgett ME, Reich T, Todd RD, Raichle ME. Glucose
metabolism in the amygdala in depression: Relationship to diagnostic subtype and
plasma cortisol levels. Pharmacol Biochem Behav. (2002) 71:431-47. doi: 10.1016/
$0091-3057(01)00687-6

26. Helm K, Viol K, Weiger TM, Tass PA, Grefkes C, Del Monte D, et al. Neuronal
connectivity in major depressive disorder: A systematic review. Neuropsychiatr Dis
Treat. (2018) 14:2715-37. doi: 10.2147/NDT.S170989

27. Hamilton JP, Etkin A, Furman DJ, Lemus MG, Johnson RF, Gotlib IH.
Functional neuroimaging of major depressive disorder: a meta-analysis and new
integration of base line activation and neural response data. Am ] Psychiatry. (2012)
169:693-703. doi: 10.1176/appi.ajp.2012.11071105

28. Hanson JL, Nacewicz BM. Amygdala allostasis and early life adversity:
considering excitotoxicity and inescapability in the sequelae of stress. Front Hum
Neurosci. (2021) 15:624705. doi: 10.3389/fnhum.2021.624705

29. Mitchell CJ, De Houwer J, Lovibond PF. The propositional nature of human
associative learning. Behav Brain Sci. (2009) 32. doi: 10.1017/S0140525X09000855

30. Benarroch EE. The amygdala: Functional organization and involvement in neurologic
disorders. Neurology. (2015) 84:313-24. doi: 10.1212/WNL.0000000000001171

31. Janak PH, Tye KM. From circuits to behaviour in the amygdala. Nature. (2015)
517:284-92. doi: 10.1038/nature14188

Frontiers in Psychiatry

10.3389/fpsyt.2024.1404594

32. Rescorla RA. Behavorial studies of pavlovian conditioning. Ann Rev Neurosci.
(1988) 11:329-52. doi: 10.1146/annurev.ne.11.030188.001553

33. Duvarci S, Pare D. Amygdala microcircuits controlling learned fear. Neuron.
(2014) 82:966-80. doi: 10.1016/j.neuron.2014.04.042

34. Fanselow MS, Poulos AM. The neuroscience of mammalian associative learning.
Annu Rev Psychol. (2005) 56:207-34. doi: 10.1146/annurev.psych.56.091103.070213

35. Aggleton JP, Burton MJ, Passingham RE. Cortical and subcortical afferents to the
amygdala of the rhesus monkey (Macaca mulatta). Brain Res. (1980) 190:347.
doi: 10.1016/0006-8993(80)90279-6

36. LeDoux JE. Emotion circuits in the brain. Annu Rev Neurosci. (2000) 23:155-84.
doi: 10.1146/annurev.neuro.23.1.155

37. Rogan M, Stiubli U, LeDoux J. Fear conditioning induces associative long-term
potentiation in the amygdala [published correction appears in Nature 1998 Feb 19;391
(6669):818. Nature. (1997) 390:604-7. doi: 10.1038/37601

38. McKernan M, Shinnick-Gallagher P. Fear conditioning induces a lasting
potentiation of synaptic currents. vitro Nat. (1997) 390:607-11. doi: 10.1038/37605

39. Johnson LR, Farb C, Morrison JH, McEwen BS, LeDoux JE. Localization of
glucocorticoid receptors at postsynaptic membranes in the lateral amygdala.
Neuroscience. (2005) 136:289-99. doi: 10.1016/j.neuroscience.2005.06.050

40. McEwen BS, Nasca C, Gray JD. Stress effects on neuronal structure:
hippocampus, amygdala, and prefrontal cortex. Neuropsychopharmacology. (2016)
41:3-23. doi: 10.1038/npp.2015.171

41. Mitra R, Sapolsky RM. Acute corticosterone treatment is sufficient to induce
anxiety and amygdaloid dendritic hypertrophy. Proc Natl Acad Sci U.S.A. (2008)
105:5573-78. doi: 10.1073/pnas.0705615105

42. Vyas A, Jadhav S, Chattarji S. Prolonged behavioral stress enhances synaptic
connectivity in the basolateral amygdala. Neuroscience. (2006) 143:387-93.
doi: 10.1016/j.neuroscience.2006.08.003

43. Vyas A, Mitra R, Shankaranarayana Rao BS, Chattarji S. Chronic stress induces
contrasting patterns of dendritic remodeling in hippocampal and amygdaloid neurons.
J Neurosci. (2002) 22:6810-8. doi: 10.1523/jneurosci.22-15-06810.2002

44. Qiao H, Li MX, Xu C, Chen HB, An SC, Ma XM. Dendritic spines in depression:
what we learned from animal models. Neural Plast. (2016) 2016:20-4. doi: 10.1155/
2016/8056370

45. Magarinos AM, McEwen BS, Igge GF, Fuchs E. Chronic psychosocial stress
causes apical dendritic atrophy of hippocampal CA3 pyramidal neurons in subordinate
tree shrews. J Neurosci. (1996) 76:3534-40. doi: 10.1523/JNEUROSCI.16-10-
03534.1996

46. Watanabe Y, Gould E, Mcewen BS. Stress induces atrophy of apical dendrites of
hippocampal CA3 pyramidal neurons. Brain Res. (1992) 588:341-5. doi: 10.1016/0006-
8993(92)91597-8

47. Merke DP, Giedd )N, Keil MF, Mehlinger SL, Wiggs EA, Holzer S, et al. Children
experience cognitive decline despite reversal of brain atrophy one year after resolution of
Cushing syndrome. J Clin Endocrinol Metab. (2005) 90:2531-6. doi: 10.1210/jc.2004-2488

48. Merke DP, Fields JD, Keil MF, Vaituzis AC, Chrousos GP, Giedd JN. Children
with classic congenital adrenal hyperplasia have decreased amygdala volume: Potential
prenatal and postnatal hormonal effects. J Clin Endocrinol Metab. (2003) 88:1760-5.
doi: 10.1210/jc.2002-021730

49. Bennett MR, Lagopoulos J. Stress and trauma: BDNF control of dendritic-spine
formation and regression. Prog Neurobiol. (2014) 112:80-99. doi: 10.1016/
j.pneurobio.2013.10.005

50. Poo M. Neurotrophins as synaptic modulators. Nat Rev Neurosci. (2001) 2:24-
32. doi: 10.1038/35049004

51. McAllister AK, Katz LC, Lo DC. Neurotrophins and synaptic plasticity. Annu
Rev Neurosci. (1999) 22:295-318. doi: 10.1146/annurev.neuro.22.1.295

52. Lakshminarasimhan H, Chattarji S. Stress leads to contrasting effects on the
levels of brain derived neurotrophic factor in the hippocampus and amygdala. PloS
One. (2012) 7:1-6. doi: 10.1371/journal.pone.0030481

53. Bennett MR. The prefrontal-limbic network in depression: A core pathology of
synapse regression. Prog Neurobiol. (2011) 93:457-67. doi: 10.1016/j.pneurobio.2011.01.001

54. Umemori ], Winkel F, Didio G, Llach Pou M, Castrén E. iPlasticity: Induced
juvenile-like plasticity in the adult brain as a mechanism of antidepressants. Psychiatry
Clin Neurosci. (2018) 72:633-53. doi: 10.1111/pcn.12683

55. Castro JE, Varea E, Marquez C, Cordero MI, Poirier G, Sandi C. Role of the
amygdala in antidepressant effects on hippocampal cell proliferation and survival and
on depression-like behavior in the rat. PloS One. (2010) 5:e8618. doi: 10.1371/
journal.pone.0008618

56. Hamilton JP, Siemer M, Gotlib TH. Amygdala volume in major depressive
disorder: A meta-analysis of magnetic resonance imaging studies. Mol Psychiatry.
(2008) 13:993-1000. doi: 10.1038/mp.2008.57

57. Cong E, Li Q, Chen H, Cai Y, Ling Z, Wang Y, et al. Association between the
volume of subregions of the amygdala and major depression with suicidal thoughts and
anxiety in a Chinese cohort. J Affect Disord. (2022) 312:39-45. doi: 10.1016/
jjad.2022.05.122

58. Kim H, Han KM, Choi KW, Tae WS, Kang W, Kang Y, et al. Volumetric
alterations in subregions of the amygdala in adults with major depressive disorder.
J Affect Disord. (2021) 295:108-15. doi: 10.1016/j.jad.2021.08.012

frontiersin.org


https://doi.org/10.1007/978-981-10-6580-4_14
https://doi.org/10.1186/1741-7015-11-129
https://doi.org/10.1038/sj.npp.1301574
https://doi.org/10.1038/sj.npp.1301574
https://doi.org/10.1016/j.ibror.2018.04.001
https://doi.org/10.1176/ajp.156.6.837
https://doi.org/10.1038/mp.2016.120
https://doi.org/10.1097/PSY.0b013e31820ad12b
https://doi.org/10.1016/S0166-2236(98)01265-X
https://doi.org/10.1002/cne.24080
https://doi.org/10.1080/10253890.2020.1859475
https://doi.org/10.1590/S0100-879X2012007500041
https://doi.org/10.1007/s00429-005-0025-5
https://doi.org/10.1371/journal.pone.0000307
https://doi.org/10.1016/j.cub.2007.08.005
https://doi.org/10.1016/j.cub.2007.08.005
https://doi.org/10.1152/physrev.00037.2009.-The
https://doi.org/10.1038/sj.mp.4000812
https://doi.org/10.1111/j.1749-6632.2000.tb06738.x
https://doi.org/10.1016/s0301-0082(98)00003-3
https://doi.org/10.1016/j.brainresrev.2007.10.012
https://doi.org/10.1007/s00429-008-0189-x
https://doi.org/10.1016/s0091-3057(01)00687-6
https://doi.org/10.1016/s0091-3057(01)00687-6
https://doi.org/10.2147/NDT.S170989
https://doi.org/10.1176/appi.ajp.2012.11071105
https://doi.org/10.3389/fnhum.2021.624705
https://doi.org/10.1017/S0140525X09000855
https://doi.org/10.1212/WNL.0000000000001171
https://doi.org/10.1038/nature14188
https://doi.org/10.1146/annurev.ne.11.030188.001553
https://doi.org/10.1016/j.neuron.2014.04.042
https://doi.org/10.1146/annurev.psych.56.091103.070213
https://doi.org/10.1016/0006-8993(80)90279-6
https://doi.org/10.1146/annurev.neuro.23.1.155
https://doi.org/10.1038/37601
https://doi.org/10.1038/37605
https://doi.org/10.1016/j.neuroscience.2005.06.050
https://doi.org/10.1038/npp.2015.171
https://doi.org/10.1073/pnas.0705615105
https://doi.org/10.1016/j.neuroscience.2006.08.003
https://doi.org/10.1523/jneurosci.22-15-06810.2002
https://doi.org/10.1155/2016/8056370
https://doi.org/10.1155/2016/8056370
https://doi.org/10.1523/JNEUROSCI.16-10-03534.1996
https://doi.org/10.1523/JNEUROSCI.16-10-03534.1996
https://doi.org/10.1016/0006-8993(92)91597-8
https://doi.org/10.1016/0006-8993(92)91597-8
https://doi.org/10.1210/jc.2004-2488
https://doi.org/10.1210/jc.2002-021730
https://doi.org/10.1016/j.pneurobio.2013.10.005
https://doi.org/10.1016/j.pneurobio.2013.10.005
https://doi.org/10.1038/35049004
https://doi.org/10.1146/annurev.neuro.22.1.295
https://doi.org/10.1371/journal.pone.0030481
https://doi.org/10.1016/j.pneurobio.2011.01.001
https://doi.org/10.1111/pcn.12683
https://doi.org/10.1371/journal.pone.0008618
https://doi.org/10.1371/journal.pone.0008618
https://doi.org/10.1038/mp.2008.57
https://doi.org/10.1016/j.jad.2022.05.122
https://doi.org/10.1016/j.jad.2022.05.122
https://doi.org/10.1016/j.jad.2021.08.012
https://doi.org/10.3389/fpsyt.2024.1404594
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Kirzinger et al.

59. Yao Z, Fu Y, Wu J, Zhang W, Yu Y, Zhang Z, et al. Morphological changes in
subregions of hippocampus and amygdala in major depressive disorder patients. Brain
Imaging Behav. (2020) 14:653-67. doi: 10.1007/s11682-018-0003-1

60. Roddy D, Kelly JR, Farrell C, Doolin K, Roman E, Nasa A, et al. Amygdala
substructure volumes in Major Depressive Disorder. Neurolmage Clin. (2021) 31.
doi: 10.1016/j.nicl.2021.102781

61. Tesen H, Watanabe K, Okamoto N, Ikenouchi A, Igata R, Konishi Y, et al.
Volume of amygdala subregions and clinical manifestations in patients with first-
episode, drug-naive major depression. Front Hum Neurosci. (2022) 15:780884.
doi: 10.3389/fnhum.2021.780884

62. Brown SSG, Rutland JW, Verma G, Feldman RE, Alper J, Schneider M, et al.
Structural MRI at 7T reveals amygdala nuclei and hippocampal subfield volumetric
association with Major Depressive Disorder symptom severity. Sci Rep. (2019) 9:1-10.
doi: 10.1038/s41598-019-46687-7

63. Gaspersz R, Lamers F, Wittenberg G, Beekman ATF, van Hemert AM, Schoevers
RA, Penninx BWJH, et al. The role of anxious distress in immune dysregulation in
patients with major depressive disorder. Transl Psychiatry. (2017) 7(12):1268.
doi: 10.1038/541398-017-0016-3

64. Li YY, Ni XK, You YF, Qing YH, Wang PR, Yao JS, et al. Common and specific
alterations of amygdala subregions in major depressive disorder with and without
anxiety: A combined structural and resting-state functional MRI study. Front Hum
Neurosci. (2021) 15:634113. doi: 10.3389/fnhum.2021.634113

65. Ho TC, Gutman B, Pozzi E, Grabe HJ, Hosten N, Wittfeld K, et al. Subcortical
shape alterations in major depressive disorder: Findings from the ENIGMA major
depressive disorder working group. Hum Brain Mapp. (2022) 43:341-51. doi: 10.1002/
hbm.24988

66. Rubinow M]J, Mahajan G, May W, Overholser JC, Jurjus GJ, Dieter L, et al.
Basolateral amygdala volume and cell numbers in major depressive disorder: a
postmortem stereological study. Brain Struct Funct. (2016) 221:171-84. doi: 10.1007/
500429-014-0900-z

67. Danese A, McEwen BS. Adverse childhood experiences, allostasis, allostatic load,
and age-related disease. Physiol Behav. (2012) 106:29-39. doi: 10.1016/j.physbeh.
2011.08.019

68. Sapolsky RM. Glucocorticoids and hippocampal atrophy in neuropsychiatric
disorders. Arch Gen Psychiatry. (2000) 57:925-35. doi: 10.1001/archpsyc.57.10.925

69. Frodl T, Meisenzahl EM, Zetzsche T, Born C, Jager M, Groll C, et al. Larger
amygdala volumes in first depressive episode as compared to recurrent major
depression and healthy control subjects. Bio Psychiatry. (2003) 53(4):338-44.
doi: 10.1016/s0006-3223(02)01474-9

70. van Eijndhoven P, van Wingen G, van Oijen K, Rijpkema M, Goraj B, Jan Verkes
R, et al. Amygdala volume marks the acute state in the early course of depression. Biol
Psychiatry. (2009) 65:812-8. doi: 10.1016/j.biopsych.2008.10.027

71. Zavorotnyy M, Zollner R, Schulte-Gustenberg LR, Wulff L, Schoning S,
Dannlowski U, et al. Low left amygdala volume is associated with a longer duration
of unipolar depression. ] Neural Transm. (2018) 125:229-38. doi: 10.1007/s00702-017-
1811-y

72. LeDuke DO, Borio M, Miranda R, Tye KM. Anxiety and depression: A top-
down, bottom-up model of circuit function. Ann N Y Acad Sci. (2023) 1525:70-87.
doi: 10.1111/nyas.14997

73. Oldfield RC. The assessment and analysis of handedness: The Edinburgh
inventory. Neuropsychologia. (1971) 9:97-113. doi: 10.1016/0028-3932(71)90067-4

74. Wittchen H, Wunderlich U, Gruschwitz S, Zaudig M. Strukturiertes Klinisches
Interview fiir DSM-1V. Achse I: Psychische Storungen. Interviewheft und
Beurteilungsheft. Eine deutschsprachige, erweiterte Bearb. d. amerikanischen
Originalversion des SKID I. Gottingen: Hogrefe (1997).

75. Beck AT, Steer RA, Brown GK. BDI-II beck depression inventory. 2nd ed. San
Antonio: The Psycholog- ical Corporation (1996).

76. Bech P, Bolwig TG, Kramp P, Rafaelsen OJ. The bech-rafaelsen mania scale and
the Hamilton depression scale. Acta Psychiatr Scand. (1979) 59:420-30. doi: 10.1111/
j.1600-0447.1979.tb04484.x

77. Kobak KA. Strukturierte Interviewrichtlinien fiir die Hamilton Depression Scale
(SIGH-D) und das Inventar Depressiver Symptome (IDS- C) (SIGHD-IDS).

78. Schindler S, Schmidt L, Stroske M, Storch M, Anwander A, Trampel R, et al.
Hypothalamus enlargement in mood disorders. Acta Psychiatr Scand. (2019) 139:56—
67. doi: 10.1111/acps.12958

79. Cohen J. A power primer. Psychol Bull. (1992) 112:155-9. doi: 10.1037//0033-
2909.112.1.155

80. Marques JP, Kober T, Krueger G, van der Zwaag W, Van de Moortele PF,
Gruetter R. MP2RAGE, a self bias-field corrected sequence for improved segmentation
and T1-mapping at high field. Neuroimage. (2010) 49:1271-81. doi: 10.1016/
j-neuroimage.2009.10.002

81. Griswold MA, Jakob PM, Heidemann RM, Nittka M, Jellus V, Wang J, et al.
Generalized autocalibrating partially parallel acquisitions (GRAPPA). Magn Reson
Med. (2002) 47:1202-10. doi: 10.1002/mrm.10171

82. McAuliffe MJ, Lalonde FM, McGarry D, Gandler W, Csaky K, Trus BL. (2001).
Medical Image Processing, Analysis and Visualization in clinical research, in:
Proceedings 14th IEEE Symposium on Computer-Based Medical Systems. CBMS 2001,
Bethesda, MD, USA. pp. 381-6. doi: 10.1109/CBMS.2001.941749

Frontiers in Psychiatry

13

10.3389/fpsyt.2024.1404594

83. Reuter M, Rosas HD, Fischl B. Highly accurate inverse consistent registration: A
robust approach. Neuroimage. (2010) 53:1181-96. doi: 10.1016/j.neuroimage.2010.07.020

84. Ségonne F, Dale AM, Busa E, Glessner M, Salat D, Hahn HK, et al. A hybrid
approach to the skull stripping problem in MRI. Neuroimage. (2004) 22:1060-75.
doi: 10.1016/j.neuroimage.2004.03.032

85. Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, et al. Whole
brain segmentation: Automated labeling of neuroanatomical structures in the human
brain. Neuron. (2002) 33:341-55. doi: 10.1016/S0896-6273(02)00569-X

86. Fischl B, Salat DH, van der Kouwe AJW, Makris N, Segonne F, Quinn BT, et al.
Sequence-independent segmentation of magnetic resonance images. Neurolmage.
(2004) 29:569-S84. doi: 10.1016/j.neuroimage.2004.07.016

87. Segonne F, Pacheco J, Fischl B. Geometrically accurate topology-correction of
cortical surfaces using nonseparating loops. IEEE Trans Med Imaging. (2007) 26:518—
29. doi: 10.1109/TM1.2006.887364

88. Han X, Jovicich J, Salat D, van der Kouwe A, Quinn B, Czanner S, et al.
Reliability of MRI-derived measurements of human cerebral cortical thickness: The
effects of field strength, scanner upgrade and manufacturer. Neuroimage. (2006)
32:180-94. doi: 10.1016/j.neuroimage.2006.02.051

89. Reuter M, Schmansky NJ, Rosas HD, Fischl B. Within-subject template
estimation for unbiased longitudinal image analysis. Neuroimage. (2012) 61:1402-18.
doi: 10.1016/j.neuroimage.2012.02.084

90. Saygin ZM, Kliemann D, Iglesias JE, van der Kouwe AJW, Boyd E, Reuter M,
et al. High-resolution magnetic resonance imaging reveals nuclei of the human
amygdala: manual segmentation to automatic atlas. Neuroimage. (2017) 155:370-82.
doi: 10.1016/j.neuroimage.2017.04.046

91. Rush AJ, Gullion CM, Basco MR, Jarrett RB, Trivedi MH. The Inventory of
Depressive Symptomatology (IDS): psychometric properties. Psychol Med. (1996)
26:477-86. doi: 10.1017/s0033291700035558

92. Storch M. Zusammenhang von regionalem Hirnvolumen und affektiven
Storungen: Sieben Tesla Magnetresonanztomographie basierte Strukturanalyse
humaner Hypothalami bei Angstsymptomen. University of Leipzig, Leipzig (2017).

93. Dretzke BJ, Levin JR, Serlin RC. Testing for regression homogeneity under variance
heterogeneity. Psychol Bull. (1982) 91:376-83. doi: 10.1037/0033-2909.91.2.376

94. Bortz ], Schuster C. Statistik fiir Human- und Sozialwissenschaftler mit 163
Tabellen. 7th ed. Berlin, Heidelberg: Springer (2010). p. 311.

95. Hamilton BL. An empirical investigation of the effects of heterogeneous
regression slopes in analysis of covariance. Educ Psychol Meas. (1977) 37:701-12.
doi: 10.1177/001316447703700313

96. Rogosa D. Comparing nonparallel regression lines. Psychol Bull. (1980) 88:307—
21. doi: 10.1037/0033-2909.88.2.307

97. Kirstein CF, Guntiirkiin O, Ocklenburg S. Ultra-high field imaging of the
amygdala - A narrative review. Neurosci Biobehav Rev. (2023) 152:105245.
doi: 10.1016/j.neubiorev.2023.105245

98. Brierley B, Shaw P, David AS. The human amygdala: A systematic review and
meta-analysis of volumetric magnetic resonance imaging. Brain Res Rev. (2002) 39:84—
105. doi: 10.1016/S0165-0173(02)00160-1

99. Marwha D, Halari M, Eliot L. Meta-analysis reveals a lack of sexual dimorphism in
human amygdala volume. Neuroimage. (2017) 147:282-94. doi: 10.1016/
j.neuroimage.2016.12.021

100. Pintzka CWS, Hansen TI, Evensmoen HR, Hiberg AK. Marked effects of
intracranial volume correction methods on sex differences in neuroanatomical structures:
A HUNT MRI study. Front Neurosci. (2015) 9:238. doi: 10.3389/fnins.2015.00238

101. Uematsu A, Matsui M, Tanaka C, Takahashi T, Noguchi K, Suzuki M, et al.
Developmental trajectories of amygdala and hippocampus from infancy to early
adulthood in healthy individuals. PloS One. (2012) 7:¢46970. doi: 10.1371/
journal.pone.0046970

102. Saygin ZM, Osher DE, Koldewyn K, Martin RE, Finn A, Saxe R, et al. Structural
connectivity of the developing human amygdala. PloS One. (2015) 10:¢0125170.
doi: 10.1371/journal.pone.0125170

103. Ocklenburg S, Peterburs J, Mundorf A. Hemispheric asymmetries in the
amygdala: A comparative primer. Prog Neurobiol. (2022) 214:102283. doi: 10.1016/
j.pneurobio.2022.102283

104. Guadalupe T, Mathias SR, vanErp TGM, Whelan CD, Zwiers MP, Abe Y, et al.
Human subcortical brain asymmetries in 15,847 people worldwide reveal effects of age
and sex. Brain Imaging Behav. (2017) 11:1497-514. doi: 10.1007/s11682-016-9629-z

105. Lange C, Irle E. Enlarged amygdala volume and reduced hippocampal volume
in young women with major depression. Psychol Med. (2004) 34:1059-64. doi: 10.1017/
$0033291703001806

106. Bora E, Harrison BJ, Davey CG, Yiicel M, Pantelis C. Meta-analysis of
volumetric abnormalities in cortico-striatal-pallidal- thalamic circuits in major
depressive disorder. Psychol Med. (2012) 42:671-81. doi: 10.1017/S0033291711001668

107. LiJ, Chen C, Wu K, Zhang M, Zhu B, Chen C, et al. Genetic variations in the
serotonergic system contribute to amygdala volume in humans. Front Neuroanat.
(2015) 9:129. doi: 10.3389/fnana.2015.00129

108. Roshchupkin GV, Gutman BA, Vernooij MW, Jahanshad N, Martin NG,
Hofman A, et al. Heritability of the shape of subcortical brain structures in the general
population. Nat Commun. (2016) 7:13738. doi: 10.1038/ncomms13738

frontiersin.org


https://doi.org/10.1007/s11682-018-0003-1
https://doi.org/10.1016/j.nicl.2021.102781
https://doi.org/10.3389/fnhum.2021.780884
https://doi.org/10.1038/s41598-019-46687-7
https://doi.org/10.1038/s41398-017-0016-3
https://doi.org/10.3389/fnhum.2021.634113
https://doi.org/10.1002/hbm.24988
https://doi.org/10.1002/hbm.24988
https://doi.org/10.1007/s00429-014-0900-z
https://doi.org/10.1007/s00429-014-0900-z
https://doi.org/10.1016/j.physbeh.2011.08.019
https://doi.org/10.1016/j.physbeh.2011.08.019
https://doi.org/10.1001/archpsyc.57.10.925
https://doi.org/10.1016/s0006-3223(02)01474-9
https://doi.org/10.1016/j.biopsych.2008.10.027
https://doi.org/10.1007/s00702-017-1811-y
https://doi.org/10.1007/s00702-017-1811-y
https://doi.org/10.1111/nyas.14997
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1111/j.1600-0447.1979.tb04484.x
https://doi.org/10.1111/j.1600-0447.1979.tb04484.x
https://doi.org/10.1111/acps.12958
https://doi.org/10.1037//0033-2909.112.1.155
https://doi.org/10.1037//0033-2909.112.1.155
https://doi.org/10.1016/j.neuroimage.2009.10.002
https://doi.org/10.1016/j.neuroimage.2009.10.002
https://doi.org/10.1002/mrm.10171
https://doi.org/10.1109/CBMS.2001.941749
https://doi.org/10.1016/j.neuroimage.2010.07.020
https://doi.org/10.1016/j.neuroimage.2004.03.032
https://doi.org/10.1016/S0896-6273(02)00569-X
https://doi.org/10.1016/j.neuroimage.2004.07.016
https://doi.org/10.1109/TMI.2006.887364
https://doi.org/10.1016/j.neuroimage.2006.02.051
https://doi.org/10.1016/j.neuroimage.2012.02.084
https://doi.org/10.1016/j.neuroimage.2017.04.046
https://doi.org/10.1017/s0033291700035558
https://doi.org/10.1037/0033-2909.91.2.376
https://doi.org/10.1177/001316447703700313
https://doi.org/10.1037/0033-2909.88.2.307
https://doi.org/10.1016/j.neubiorev.2023.105245
https://doi.org/10.1016/S0165-0173(02)00160-1
https://doi.org/10.1016/j.neuroimage.2016.12.021
https://doi.org/10.1016/j.neuroimage.2016.12.021
https://doi.org/10.3389/fnins.2015.00238
https://doi.org/10.1371/journal.pone.0046970
https://doi.org/10.1371/journal.pone.0046970
https://doi.org/10.1371/journal.pone.0125170
https://doi.org/10.1016/j.pneurobio.2022.102283
https://doi.org/10.1016/j.pneurobio.2022.102283
https://doi.org/10.1007/s11682-016-9629-z
https://doi.org/10.1017/S0033291703001806
https://doi.org/10.1017/S0033291703001806
https://doi.org/10.1017/S0033291711001668
https://doi.org/10.3389/fnana.2015.00129
https://doi.org/10.1038/ncomms13738
https://doi.org/10.3389/fpsyt.2024.1404594
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Kirzinger et al.

109. Frodl T, Jager M, Smajistrlova I, Born C, Bottlender R, Palladino T, et al. Effect
of hippocampal and amygdala volumes on clinical outcomes in major depression: A 3-
year prospective magnetic resonance imaging study. J Psychiatry Neurosci. (2008)
33:423-30. https://www.jpn.ca/content/33/5/423.

110. Keller J, Shen L, Gomez RG, Garrett A, Solvason HB, Reiss A, et al.
Hippocampal and amygdalar volumes in psychotic and nonpsychotic unipolar
depression. Am J Psychiatry. (2008) 165:872-80. doi: 10.1176/appi.ajp.2008.07081257

111. Monkul ES, Hatch JP, Nicoletti MA, Spence S, Brambilla P, Lacerda ALT, et al.
Fronto-limbic brain structures in suicidal and non-suicidal female patients with major
depressive disorder. Mol Psychiatry. (2007) 12:360-6. doi: 10.1038/sj.mp.4001919

112. Spoletini I, Piras F, Fagioli S, Rubino IA, Martinotti G, Siracusano A, et al.
Suicidal attempts and increased right amygdala volume in schizophrenia. Schizophr
Res. (2011) 125:30-40. doi: 10.1016/j.schres.2010.08.023

113. VanTieghem M, Korom M, Flannery J, Choy T, Caldera C, Humphreys KL, et al.
Longitudinal changes in amygdala, hippocampus and cortisol development following early
caregiving adversity. Dev Cognit Neurosci. (2021) 48:100916. doi: 10.1016/j.dcn.2021.100916

114. Carr CP, Martins CMS, Stingel AM, Lemgruber VB, Juruena MF. The role of
early life stress in adult psychiatric disorders: A systematic review according to

Frontiers in Psychiatry

14

10.3389/fpsyt.2024.1404594

childhood trauma subtypes. ] Nerv Ment Dis. (2013) 201:1007-20. doi: 10.1097/
NMD.0000000000000049

115. Hovens JGEM, Giltay EJ, Wiersma JE, Spinhoven P, Penninx BWJH, Zitman FG.
Impact of childhood life events and trauma on the course of depressive and anxiety disorders.
Acta Psychiatr Scand. (2012) 126:198-207. doi: 10.1111/j.1600-0447.2011.01828 x

116. Williams LM, Debattista C, Duchemin AM, Schatzberg AF, Nemeroff CB.
Childhood trauma predicts antidepressant response in adults with major depression:
Data from the randomized international study to predict optimized treatment for
depression. Transl Psychiatry. (2016) 6:¢799. doi: 10.1038/tp.2016.61

117. Keuken MC, Isaacs BR, Trampel R, van der Zwaag W, Forstmann BU.
Visualizing the human subcortex using ultra-high field magnetic resonance imaging.
Brain Topogr. (2018) 31:513-45. doi: 10.1007/s10548-018-0638-7

118. Kahhale I, Buser NJ, Madan CR, Hanson JL. Quantifying numerical and spatial
reliability of hippocampal and amygdala subdivisions in FreeSurfer. Brain Inform.
(2023) 10. doi: 10.1186/s40708-023-00189-5

119. Hanson JL, Suh JW, Nacewicz BM, Sutterer MJ, Cayo AA, Stodola DE, et al.
Robust automated amygdala segmentation via multi-atlas diffeomorphic registration.
Front Neurosci. (2012) 6. doi: 10.3389/fnins.2012.00166

frontiersin.org


https://www.jpn.ca/content/33/5/423
https://doi.org/10.1176/appi.ajp.2008.07081257
https://doi.org/10.1038/sj.mp.4001919
https://doi.org/10.1016/j.schres.2010.08.023
https://doi.org/10.1016/j.dcn.2021.100916
https://doi.org/10.1097/NMD.0000000000000049
https://doi.org/10.1097/NMD.0000000000000049
https://doi.org/10.1111/j.1600-0447.2011.01828.x
https://doi.org/10.1038/tp.2016.61
https://doi.org/10.1007/s10548-018-0638-7
https://doi.org/10.1186/s40708-023-00189-5
https://doi.org/10.3389/fnins.2012.00166
https://doi.org/10.3389/fpsyt.2024.1404594
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

	Basolateral amygdala volume in affective disorders using 7T MRI in vivo
	1 Introduction
	2 Materials and methods
	2.1 Study design and participants
	2.2 Image acquisition and pre-processing
	2.3 FreeSurfer segmentation
	2.4 Data characteristics and statistical analyses

	3 Results
	3.1 Group comparisons
	3.2 Correlation between numbers of MDEs or duration of illness and volumes of interest
	3.3 Correlations with clinical characteristics

	4 Discussion
	4.1 General considerations and reliability of the study
	4.2 BLA/LA volumes (hypotheses I, II and III)
	4.3 No quadratic association between number of MDEs and the volumes of the BLA/LA (hypotheses IV and V)
	4.4 Exploratory investigation of whole amygdala volume and clinical correlations
	4.5 Strengths and limitations
	4.6 Conclusions and implications for further research

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


