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Editorial on the Research Topic

Recent developments in neuroimaging in mood disorders
MRI technology began to be used in hospitals in the 1980s. MRI has not only

revolutionized the diagnosis of acute cerebral infarction and cerebral hemorrhage but

has also increasingly been employed to visually assess neurodegenerative diseases. The

2000s saw a continuous improvement in MRI image quality. Along with the development

of 3D T1-weighted imaging (T1WI) with a spatial resolution of 1-2mm iso voxel, the

volumetric measurement of brain structures, such as the hippocampus, advanced from

manual region of interest methods to automated measurements using neuroimaging

software like FreeSurfer and FMRIB Software library (FSL) (1, 2). The technique of

voxel-based morphometry using Statistical Parametric Mapping (SPM) (3), which

evaluates brain structures on a voxel-by-voxel basis, also progressed the field further.

Additionally, the advent of functional MRI allowed for real-time visualization of active

brain regions. The development of diffusion tensor imaging not only visualized white

matter tracts but also enabled their quantitative analysis. These technologies confirmed

organic brain changes in mood disorders, including major depressive disorder and

Bipolar disorder.

Currently, MRI and neuroimaging techniques continue to evolve. With the latest MRI

models, ultra-high-resolution imaging of less than 1mm, specifically 7T MRI, marks a

transformative era in precision psychiatry, thanks to its unparalleled spatial resolution and

signal-to-noise ratio. This leap in technology allows for individualized examinations,

capturing the nuances of single participants’ brain structures and activities with great

detail. The advanced capabilities of 7T MRI in detecting subtle neurobiological changes are

guiding research towards individualized psychiatric treatment plans, based on the unique

brain structure or connectivity patterns of individuals (4). A manuscript in this Research

Topic, “Stress-related reduction of hippocampal subfield volumes in major depressive

disorder: A 7-Tesla study”, demonstrates that specific hippocampal subfield volumes,

such as CA2/3, were reduced in people with major depressive disorder (MDD)

compared to controls, and reductions in other subfields correlated with lifetime stressors

(Alper et al.). The changes in specific hippocampal subfields may reflect underlying

neurobiological characteristics of MDD, offering potential biomarkers for its diagnosis

and for assessing treatment resistance.
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While 7T MRI marks a technological advancement in MRI

capabilities, the evolution of analysis techniques in 3T MRI systems

is similarly advancing our ability to conduct detailed regional brain

analyses (5). The features also include analyses dividing the

cingulate gyrus and thalamus into subregions (6, 7). The study

titled “Amygdala’s T1-weighted image radiomics outperforms

volume for differentiation of anxiety disorder and its subtype”

utilizes radiomics analysis to extract image features like texture

and shape, aiming to detect subtle differences in amygdala

impairments among anxiety disorder subtypes (Li et al.).

Moreover, recent advances in cerebral cortical analysis introduced

metrics (8), such as the Gyrification index and fractal coefficient, to

evaluate the complexity of cortical structures, one example being

the study “Gyrification patterns in first-episode, drug-naïve major

depression: Associations with plasma levels of brain-derived

neurotrophic factor and psychiatric symptoms.” (Natsuyama et al.)

In addition to elucidating brain impairments in mood disorders,

these new neuroimaging techniques are also expected to quantify

therapeutic effects and provide deeper insights into the mechanisms

of action of treatments. In “The efficacy and cerebral mechanism of

intradermal acupuncture for major depressive disorder: a study

protocol for a randomized controlled trial,” the protocol for a

randomized controlled trial is described (Wu et al.). Utilizing the

developed neuroimaging techniques, future research aims to

validate the efficacy of intradermal acupuncture for major

depressive disorder and elucidate its cerebral mechanism of action.

Resting-state functional MRI (fMRI) has also seen significant

progress. The discovery of the three major networks - default mode

network, salience network, and central executive network - in

resting-state fMRI can be considered one of the most crucial

advances in neuroscience since the 2000s (9). Initial analyses of

Resting state functional MRI were based on the premise that

connectivity during rest was constant, but recent research delves

into the dynamic changes in connectivity (10). The study

“Abnormal dynamic functional network connectivity in people

with early-onset bipolar disorder” investigates the temporal

changes in resting connectivity in early-onset bipolar disorder

(Hu et al.). The authors reported people with early-onset BD had

abnormal dynamic properties of brain functional network

connectivity, which is indicative of unstable functional brain

network connectivity. This was demonstrated through impaired

coordination between cognitive and perceptual networks. Task-

based fMRI has evolved, with a surge in studies using diverse

cognitive tasks and emotional challenges.

In addition to MRI, there have been advancements in

Electroencephalography (EEG) characterized by an increase in

electrode count leading to higher resolution, as well as progress

in cognitive tasks and emotional assignments. The study titled

“Electrophysiological Evidence for the Characteristics of Implicit

Self-Schema and Other-Schema in Patients with Major Depressive

Disorder: An Event-Related Potential Study” investigated the neural

correlates of self- and other-schemas in people with MDD (Yao

et al.). The findings suggest that individuals with MDD exhibit

distinct neural patterns, potentially reflecting a lack of positive self-

and other-schemas and provide insights into the neural

mechanisms underlying MDD, highlighting the importance of
Frontiers in Psychiatry 026
considering both self- and other-schemas in understanding and

treating the disorder. Moreover, the research “Face-specific negative

bias of aesthetic perception in depression: behavioral and EEG

evidence” delved into the bias in aesthetic judgments in

individuals with depression (Chen et al.). The aesthetic evaluation

of unattractive faces was associated with decreased N200 negativity

in the depression compared to controls, whereas the evaluation of

beautiful faces was linked with decreased brain synchronization at

the theta band. These findings are important for suggested design

and development of aesthetics-oriented schemes in assisting the

clinical diagnosis and therapy of MDD.

The objective of our present topic theme, which focuses on

recent developments in neuroimaging in mood disorders, is to gain

deeper insights into the cerebral alterations in mood disorders using

newly proposed neuroimaging techniques. The research in this

Research Topic enhances our understanding of brain changes in

mood disorders, potentially guiding future efforts to identify early

biomarkers, understand the natural progression of mood disorders,

and develop targeted interventions from the outset of diagnosis.

Further, this Research Topic includes several studies on people with

first-episode and drug-naïve MDD, highlighting the pivotal role of

neuroimaging in this nascent and critical area of research. As

neuroimaging technology advances, the importance of

investigating first-episode and drug-naïve MDD becomes

increasingly apparent, providing unique insights into the

neurobiological underpinnings of the disorder before the potential

confounding effects of treatment.
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Gyrification patterns in
first-episode, drug-naïve major
depression: Associations with
plasma levels of brain-derived
neurotrophic factor and
psychiatric symptoms
Tomoya Natsuyama1, Naomichi Okamoto1, Keita Watanabe2,
Enkhmurun Chibaatar1, Hirofumi Tesen1, Gaku Hayasaki1,
Atsuko Ikenouchi1,3, Shingo Kakeda4 and Reiji Yoshimura1*
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Japan, 2Open Innovation Institute, Kyoto University, Kyoto, Japan, 3Medical Center for Dementia,
Hospital of University of Occupational and Environmental Health, Kitakyushu, Japan, 4Department
of Radiology, Graduate School of Medicine, Hirosaki University, Hirosaki, Japan

Background and objectives: Cortical structural changes in major depressive

disorder (MDD) are usually studied using a voxel-based morphometry

approach to delineate the cortical gray matter volume. Among cortical

structures, gyrification patterns are considered a relatively stable indicator.

In this study, we investigated differences in gyrification patterns between

MDD patients and healthy controls (HCs) and explored the association of

gyrification patterns with plasma brain-derived neurotrophic factor (BDNF)

levels and depressive symptoms in MDD patients.

Methods: We evaluated 79 MDD patients and 94 HCs and assessed depression

severity in the patients using the 17-item Hamilton Depression Rating Scale

(HAM-D). Blood samples of both groups were collected to measure plasma

BDNF levels. Magnetic resonance imaging (MRI) data were obtained using

three-dimensional fast-spoiled gradient-recalled acquisition. Differences in

plasma BDNF levels between groups were examined using the Mann–

Whitney U test. Principal component analysis and orthogonal partial least

squares discriminant analysis (OPLS-DA) were conducted to investigate the

gyrification patterns which were significantly different between the groups,

i.e., those with variable importance in projection (VIP) scores of >1.5 and

p-value < 0.05 in multiple regression analyses adjusted for age and sex.

Finally, multiple regression analysis was performed on the selected gyrification

patterns to examine their association with BDNF levels in the two groups and

HAM-D in the patients.
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Results: There were no significant differences in plasma BDNF levels between

the groups. We found that 108 (71.0%) of 152 total local gyrification indices

were MDD < HC. We identified 10 disease-differentiating factors based on

critical gyrification features (VIP > 1.5 and p-value adjusted for age and

sex < 0.05). However, we found no significant correlations between the

10 gyrification patterns and plasma BDNF levels and no interaction with

group. Moreover, no significant correlations were observed between the local

gyrification indices and HAM-D total scores.

Conclusion: These results suggest that abnormal early cortical

neurodevelopment may mediate vulnerability to MDD, independent of

plasma BDNF levels and depressive symptoms.

KEYWORDS

gyrification, major depression, brain-derived neurotrophic factor, gray matter,
cerebral cortex

Introduction

Major depressive disorder (MDD) is a highly prevalent and
debilitating mental disorder that affects more than 264 million
people worldwide (1). Individuals with depression commonly
experience dysfunctional symptoms, including undesirable
mood, impaired concentration, and poor sleep quality, and—
more importantly—these patients are at high risk (up to
15%) of suicide (2). Moreover, previous evidence shows that
MDD is a risk factor for physical illnesses (3), and the most
common comorbidities are chronic physical conditions such
as cardiovascular and respiratory diseases, diabetes, arthritis,
osteoporosis, and cancer (4). MDD is predicted to become
the second major contributor to the general medical service
burden by 2030 (5, 6). The pathophysiology of MDD is
complex and no single model or mechanism can fully explain
it. Growth and adaptation at the neuronal level is more
broadly termed neuroplasticity, and it is presumably this
cellular-level neuroplasticity that is altered by inflammation
and hypothalamus-pituitary-adrenal axis dysfunction due to
environmental stress. The process of neurogenesis is controlled
by regulatory proteins. Animal studies have shown that limiting
neurogenesis inhibits antidepressant effects and produces
depression-like symptoms, especially in stressful situations.
Thus, it has been suggested that neurogenesis promotes
resilience to stress, which may be the basis for the clinical efficacy
of antidepressants. Postmortem studies of MDD patients have
demonstrated a loss of granule neurons in the dentate gyrus of
untreated patients compared to treated and non-MDD patients.
There are considerably more splitting neural progenitor cells
in patients treated for MDD compared to untreated MDD and
even non-MDD patients. These findings are consistent with
mouse studies showing that antidepressants act by increasing

neurogenesis in the adult brain. In short, neuroplasticity
plays an important role in the pathophysiology of MDD
(7, 8).

Cortical gyrification, a forming process of cerebral
cortex folds, begins between 10 and 15 weeks of fetal
development. Cortical folding related to fetal and early
postnatal neurodevelopmental processes is defined by the
local gyrification index (LGI) (9). LGI quantifies the amount
of cortex buried within the sulcal folds and represents the extent
of cortical folding. It is expressed as the ratio of the entire
outer cortical surface (superficial exposed area plus the area
buried in the sulcus) to the superficial exposed area (10, 11).
The index of each vertex is calculated by dividing the ossicular
surface area by the corresponding outer surface area (12).
LGI increases dramatically during the third trimester of
pregnancy and peaks by age 2, then remains relatively constant
throughout the rest of life (13–15). Cortical thickness and
surface area mainly characterize the neuronal density and
number and spacing of the cortical columns, respectively
(16–18). Therefore, computing LGI, the pattern and degree
of cortical folding, might be a more stable indicator for
investigating abnormal neurodevelopmental patterns in MDD.
Additionally, recent technological developments in 3D image
reconstruction and surface morphometry have improved
LGI measurement and gained wide acceptance in psychiatric
research (19).

Abbreviations: BDNF, brain-derived neurotrophic factor; DSM-5,
Diagnostic and Statistical Manual for Mental Disorders-5; HAM-D,
Hamilton Depression Rating Scale; HC(s), healthy control(s); LGI(s),
local gyrification index (indices); MDD, major depressive disorder; MRI,
magnetic resonance imaging; OPLS-DA, orthogonal partial least squares
discriminant analysis; PLS-DA, partial least squares discriminant analysis;
VIP, variable importance in projection.
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Voxel-based morphometry is a frequently used approach
in MDD patients to assay cortical structural changes and
to delineate the cortical gray matter volume. Considering
many ongoing studies, researchers have identified several
neuroanatomical changes in MDD, including widespread
focal alterations in cortical thickness (20), surface area (21),
and cortical gyrification (9). A large-scale meta-analysis
demonstrated distributed cortical alterations that affected
the orbitofrontal cortex, anterior and posterior cingulate
cortex, insula, and temporal lobes (21). Additionally, MDD
is considered a disorder of dysregulated neural networks,
including irregularities in the neural connection (22, 23), rather
than regional abnormalities (24). Thus, direct investigation of
cortical thickness, surface area, and folding patterns—which
reflect different biological factors—is better and more accurate
in revealing the structural alterations in MDD (14, 15). Cortical
folding related to fetal and early postnatal neurodevelopmental
processes is defined by LGI (9, 10, 25, 26). Thus, computing LGI
might be ideal for investigating abnormal neurodevelopmental
patterns in MDD. Several studies have found different LGI
in patients with MDD than in healthy controls (HCs) (27–
29). Reports on changes in LGI in patients with MDD are
inconsistent (9, 27–29), but have not largely explored the
association with depressive symptoms.

Brain-derived neurotrophic factor (BDNF) is a
neurotrophic factor that is essential for neuronal survival,
growth, and maintenance in brain circuits involved in
emotional and cognitive function (30). Several previous
studies and meta-analyses have proved that BDNF is
associated with brain neuroplasticity and is involved in
the pathophysiology of MDD (31–33). Previous studies
also demonstrated decreased plasma or serum levels of
BDNF in patients with MDD (34, 35). Perhaps, even more
important is the fact that reduced BDNF levels in patients
with MDD can be restored by antidepressant therapies
such as pharmacotherapy and psychological interventions.
Although the relevance of BDNF for MDD is obvious, no
studies have investigated the relationship between LGI and
BDNF levels, which might be associated with synaptogenesis
and neurogenesis. Moreover, recent reports demonstrated
that the BDNF gene (Val66Met) was related to changes
in gyrification in bipolar disorder (36). Another report
indicated that autism spectrum disorder is associated with
a distorted relationship between the Val66Met genotype
and determinants of regional cortical surface area—cortical
gyrification and/or sulcal positioning (37). From these
previous findings, it can be postulated that BDNF secretion
associated with Val66Met polymorphism may be related to
cortical gyrification.

Thus, we investigated differences in gyrification patterns
between first-episode, drug-naïve MDD patients and HCs.
Moreover, we explored the relationship between cortical
gyrification and plasma BDNF levels, which might be associated

with synaptogenesis and neurogenesis in both groups. We
also explored the association between gyrification patterns and
depressive symptoms in patients with MDD based on HAM-
D scores.

Materials and methods

Participants

Patients were recruited from the Hospital of University
of Occupational and Environmental Health in Kitakyushu,
Japan. We conducted the full Structured Clinical Interview from
the Diagnostic and Statistical Manual for Mental Disorders-
5 (DSM-5) (38) for all participants to diagnose MDD and
ensure that HCs did not currently fulfill the criteria for
any psychiatric diseases. We also ensured that no HC
had a history of serious medical and neurological diseases
or a family history of major psychiatric or neurological
diseases among their first-degree relatives. Although our study
population overlaps in part with several of our previously
published studies (39, 40), no study has analyzed the
correlation between cortical gyrification, plasma BDNF levels,
and psychiatric symptoms.

Clinical assessment and blood
sampling

Depression severity was assessed using the 17-
item Hamilton Depression Rating Scale (HAM-D)
(41). A veteran psychiatrist with 35 years of clinical
psychiatric experience assessed patients with MDD
using a GRID-Hamilton Rating Scale for Depression
(GRID-HAM-D-17 and −21) (42). Patients’ blood
samples were collected in regular tubes between 9:00
and 11:00 AM, and plasma samples were separated by
centrifugation at 2000 rpm for 20 min. The separated
plasma samples were stored at −80◦C in silicone-coated
tubes until analysis.

MRI acquisition

Magnetic resonance imaging data were obtained using
a 3T MR system (Signa EXCITE 3T; GE Healthcare,
Chicago, IL, US) with an 8-channel brain phased-array
coil. Images were acquired using three-dimensional fast-
spoiled gradient-recalled acquisition. The acquisition
parameters were as follows: repetition time/echo time,
10/4.1 ms; flip angle, 10◦; field of view, 24 cm; and resolution,
0.9 × 0.9 × 1.2 mm. All images were corrected for distortion
due to gradient non-linearity using the “Grad Warp” software
program.
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Measurement of gyrification

To measure gyrification, the Statistical Parametric
Mapping 12 (SPM12)1 and computational anatomy toolbox
12 (CAT12)2 were used. The preset parameters for the
processing and analysis steps were under the CAT12
user manual.3 We then measured the local gyrification
indices (LGIs) of 152 cortical regions from the apart a2009s
segmentation (43).

Statistical analysis

All statistical analyses were performed using R and
Python 3.0. We examined the differences in plasma BDNF
levels using the Mann–Whitney U test. We also conducted
a principal component analysis (PCA) and plotted a two-
dimensional plot for differences in LGIs between MDD
and HC groups. Next, we performed orthogonal partial
least squares discriminant analysis (OPLS-DA) to obtain a
further separation (44). OPLS-DA is a type of discriminant
analysis, introduced as an improved version of partial
least squares discriminant analysis (PLS-DA), which uses
multivariate data to discriminate two or more groups.
It quantitatively determines which variables contribute to
the separation of groups. Each symbol in OPLS model
overview represents the following value: dataset [X], class
labels [Y], predictability of the models [Q2], goodness of
fit of the model [R2], predictive component [p1], the first
orthogonal component [o1]. Based on the OPLS-DA, we
selected specific gyrification patterns that characterized the
differences between MDD and HC groups with variable
importance in projection (VIP) score of >1.5 (45). A VIP
score is a measure of a variable’s importance in the PLS-
DA model. It summarizes the contribution of a variable to
the model. The VIP score of a variable is calculated as
a weighted sum of the squared correlations between the
PLS-DA components and original variable. In conjunction
with the VIP score, we calculated p-value for differences
in gyrification patterns between MDD and HC groups
using Welch’s t-test and multiple regression analysis adjusted
for age and sex. Multiple regression analysis was then
performed on the selected gyrification patterns to examine their
association with BDNF level and HAM-D. In addition, we
used multiple regression analysis to test the interaction between
groups and BDNF level.

The distributions of all data were confirmed using
histograms and expressed as mean (standard deviation)
or median [interquartile range]. In the multiple regression

1 https://www.fil.ion.ucl.ac.uk/spm

2 http://dbm.neuro.uni-jena.de/cat/

3 http://www.neuro.uni-jena.de/cat12/CAT12-Manual.pdf

analysis, the normality of residuals was checked to confirm
the model’s validity. Missing data were excluded from
the analysis. The test was two-tailed, with a p-value of

TABLE 1 Demographic and clinical characteristics data.

Demographic data HC
(n = 94)

MDD
(n = 79)

p-value

Age 33 [28–42.5] 54 [42–67.5] <0.001

Sex (male, %) 53 (67.1%) 35 (44.3%) 0.006

Dominant arm (right, %) 52 (100%) 35 (94.6%) 0.17

Duration of illness (months) – 3 [1.5–6.5] –

HAM-D scores – 21 [18–27] –

HAM-D, Hamilton Depression Rating Scale; HC, healthy control; MDD, major
depressive disorder.

FIGURE 1

Local gyrification index (LGI) between major depressive disorder
(MDD) and healthy control (HC) groups. We found that 108
(approximately 71%) of the 152 LGIs were MDD < HC, which
supports a decrease in LGIs in patients with MDD.
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<0.05 set as statistically significant. For correlation analyses,
Bonferroni corrections were performed for those that reached
statistical significance.

Ethical considerations

This study was conducted in accordance with the principles
of the Declaration of Helsinki, and the relevant Ethics
Committee approved the protocol. Informed consent was
obtained from all participants, and we assigned each patient an
arbitrary identification number to protect their privacy.

Results

Demographic data and clinical
characteristics of participants

Demographic and clinical characteristics are shown in
Table 1. Differences in age and sex were observed.

LGIs in MDD and HC groups

LGIs in MDD and HC groups are shown in Figure 1 and
Supplementary Table 1; 108 (71.0%) of the 152 LGIs measured
in this study were MDD < HC.

Differences in plasma BDNF levels
between MDD and HC groups

The median plasma BDNF level in the MDD group
was 5.0 ng/mL [2.65–7.95], while the median in the HC
group was 3.8 ng/mL [2.12–8.25]. There was no significant
difference in plasma BDNF levels between the two groups
(p = 0.35).

PCA and OPLS-DA

We evaluated all LGIs using PCA and created two-
dimensional plots for the first and second principal components.

FIGURE 2

Principal component analysis (PCA). We evaluated all LGIs using PCA and created two-dimensional plots for the first and second principal
components.
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PCA separated MDD and HC groups by the first main
component, as shown in Figure 2.

To obtain further separation, we evaluated all LGIs
using OPLS-DA and created two-dimensional plots. OPLS-
DA showed a relatively clear separation from PCA between
MDD and HC groups by the first principal component
(Figure 3). OPLS model overview was as follows: p1 (R2X:
0.035, R2Y: 0.195, Q2: 0.019); o1(R2X: 0.142, R2Y: 0.238, Q2:
−0.0307).

Variable importance in projection scores were extracted
from this model (45). Essential features of differentially
expressed LGIs were defined as VIP > 1.5. Differentially
expressed LGIs in MDD and HC groups are shown in Figure 4
and Table 2. We finally detected 10 differentially expressed
LGIs (VIP > 1.5 and p-value adjusted for age and sex < 0.05)
between HC and MDD (i.e., rS_circular_insula_inf, lUnknown,
lS_circular_insula_inf, rUnknown, lG_oc-temp_med-Parahip,
lG_temp_sup-Plan_polar, rG_oc-temp_med-Parahip, rG_temp
_sup-Plan_polar, lG_cingul-Post-ventral, and rG_insular_
short).

Relationship between important
features of differentially expressed LGIs
and plasma BDNF levels

We showed the relationship between differentially expressed
LGIs and plasma BDNF levels in HCs (see Supplementary
Table 2) and patients with MDD (see Supplementary Table 3).
We examined the correlation between plasma BDNF levels and
10 differentially expressed LGIs (VIP > 1.5 and p-value adjusted
for age and sex < 0.05) using age and sex as confounding factors.
However, we found no significant correlation between the LGIs
and plasma BDNF at any location. In addition, BDNF showed
no significant interaction between MDD and HC groups for the
10 LGIs (see Supplementary Table 4).

Correlation between HAM-D and LGI

We also examined the top 10 LGIs (VIP > 1.5 and p-value
adjusted for age and sex < 0.05) and psychiatric symptoms

FIGURE 3

Orthogonal partial least squares discriminant analysis (OPLS-DA). OPLS-DA showed a relatively clear separation from PCA between patients in
MDD group and HC group by the first principal component.
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FIGURE 4

Relationship between expressed LGIs in MDD and HC groups. We showed the 20 significant features of differently expressed LGIs (VIP > 1.5) in
MDD and HC groups. “l” and “r” attached to the beginning of the word mean “left” and “right”.

using these top features. We found a statistically significant
correlation between rG_temp_sup-Plan_polar and HAM-D
(standard partial regression coefficient = 0.238, p = 0.049);
however, no significant correlations were observed between LGI
and HAM-D total scores after Bonferroni correction (p = 0.49)
(see Supplementary Table 5).

Discussion

This study provides evidence of cortical gyrification pattern
differences between first-episode, drug-naïve MDD patients
and HCs. In this study, we found that 108 (71.0%) of the
152 total LGIs were MDD < HC. We then identified 10
disease-differentiating factors based on critical LGIs features
(VIP > 1.5 and p-value adjusted for age and sex < 0.05),
but found no significant correlation between LGIs and plasma
BDNF level at any location. In addition, BDNF level showed
no significant interaction between MDD and HC groups for the
10 determined LGIs.

Several previous studies have reported altered LGI in
patients with MDD compared to HCs, including decreased
LGI in the bilateral precuneus (23), bilateral mid-posterior
cingulate, insula, orbital frontal cortices (orbitofrontal cortex),
left anterior cingulate cortex (right anterior cingulate gyrus
cortex), right temporal operculum (27), left lingual gyrus (left

lingual corpuscle), right posterior superior temporal sulcus
(right superior temporal sulcus) (29) and precuneus, superior
parietal gyrus, parahippocampal gyrus, middle frontal gyrus,
and fusiform and right fusiform gyrus (46). There are also
several reports supporting increased LGI in patients with MDD,
including increased LGI in the frontal, cingulate, parietal,
temporal, and occipital regions (9); right rostral anterior
cingulate cortex and medial orbitofrontal cortex; frontal pole
(28); left anterior cingulate; right precentral, supramarginal
region; and left superior frontal gyrus (47). However, in this
study, we found that 108 (71.0%) of the 152 LGIs were
MDD < HC, supporting previous findings of a decreased LGI
in patients with MDD.

Some studies have reported associations between cortical
gyrification patterns and BDNF level. Cortical gyrification refers
to the forming process of cerebral cortex folds. During the
third trimester, the brain develops from a relatively smooth
erect brain structure to one that more closely resembles adult
brain morphology. LGI, a measure of the degree of cortical
folding, increases dramatically during the third trimester of
pregnancy but remains relatively constant throughout the rest
of development (48). LGI peaks by age 2 and then gradually
decreases with increasing age (15, 49). One study prospectively
followed patients with bipolar disorder for 4 years and found
that those with one or more BDNF Met alleles, indicating
that decreased BDNF secretion produced a more significant
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TABLE 2 Top 20 gyrification patterns (VIP > 1.5) in major depressive
disorder (MDD) and healthy control (HC) groups.

HC MDD p-
value

Adjusted
p-value

rS_circular_insula_inf 24.85 (2.43) 23.67 (2.51) 0.002 0.032

lUnknown 23.66 (1.37) 22.95 (1.36) 0.00089 0.037

lS_circular_insula_inf 25.70 (2.51) 24.31 (2.89) 0.00103 0.003

rUnknown 23.32 (1.45) 22.65 (1.27) 0.00153 0.035

lG_oc-temp_med-
Parahip

25.64 (1.60) 24.74 (1.66) 0.000452 <0.001

lG_temp_sup-
Plan_polar

22.58 (3.55) 20.83 (2.87) 0.000443 0.009

rG_oc-temp_med-
Parahip

26.18 (1.62) 25.10 (1.50) 0.0000101 0.001

rG_temp_sup-
Plan_polar

23.59 (3.17) 22.07 (2.82) 0.00109 0.005

lG_cingul-Post-ventral 28.7 (3.28) 27.08 (3.84) 0.00291 0.023

rS_circular_insula_sup 29.34 (1.82) 28.81 (1.71) 0.0514 0.15

lPole_temporal 28.56 (1.31) 28.02 (1.33) 0.00931 0.33

rG_insular_short 28.17 (2.87) 27.21 (2.89) 0.0292 0.014

lS_circular_insula_sup 29.20 (1.66) 28.69 (1.53) 0.0353 0.078

rG_Ins_lg_and_S_cent
_ins

26.87 (3.06) 26.06 (3.27) 0.0999 0.46

rG_pariet_inf-Angular 28.94 (1.30) 29.35 (1.25) 0.0366 0.71

rLat_Fis-post 29.81 (1.43) 29.48 (1.55) 0.152 0.21

lG_temp_sup-Lateral 28.45 (1.28) 28.01 (1.55) 0.0455 0.27

lS_pericallosal 33.64 (2.13) 32.72 (2.86) 0.0188 0.38

rG_front_middle 29.17 (1.11) 29.33 (1.06) 0.345 0.99

lLat_Fis-post 30.26 (1.80) 30.01 (1.34) 0.315 0.21

P-value is adjusted for age and sex.
HC, healthy control; MDD, major depressive disorder; VIP, variable
importance in projection.

reduction in LGI (36). Besides, the neuroplasticity in brain
formation—including cortical gyrification in fetal sheep—is
more critical in brain regions rich in BDNF expression (50).

Astrogenesis, gliogenesis, and angiogenesis may also be
related to cortical gyrification. A recent study reported that
localized astrogenesis plays an important role in gyrus formation
in the gyrencephalic cerebral cortex. In functional genetic
experiments using ferrets, reducing astrocyte numbers prevents
gyrus formation in the cortex. Meanwhile, increasing astrocyte
numbers in mice, which do not have cortical folds, can induce
gyrus-like protrusions (51). Gliogenesis is also involved in
the gyrification of the primate cerebrum (52). In summary,
astrocytes—one of the microglia—might play a role in cortical
gyrification. Fibroblast growth factor 2, which is a member
of a large family of proteins that bind heparin and heparan
sulfate and modulate the function of a wide range of cell types,
stimulates the growth and development of angiogenesis, thus

contributing to the pathogenesis of several diseases including
atherosclerosis, and is associated with cortical gyrification in the
mouse brain (53). Taken together, astrogenesis, gliogenesis, and
angiogenesis, whereas, neurogenesis might be associated with
cortical gyrification in the brain.

Microglial activation plays a role in maintaining the delicate
balance of BDNF release into neuronal synapses (54). Thus,
BDNF secretion is considered to be influenced by astrocytes
and glia, which might influence cortical gyrification. We did
not, however, find an association between plasma BDNF level
and LGI in this study. Therefore, plasma BDNF level may
be independent of cortical gyrification. Additionally, it is
controversial that plasma BDNF level reflects BDNF dynamics
in the brain. These findings indicate that the association
between cortical gyrification and BDNF level must still be
further elucidated.

In addition, we focused on the association between
gyrification patterns and depression severity. One study
adjusted for age, sex, education level, and total cortical surface
area reported positive correlations between LGI in the left caudal
middle frontal cortex and Beck Depression Inventory scores
(47). Another recent study examined correlations between the
HAM-D and LGI in 22 cortical regions of patients with MDD
but found no significance in the field (28). Yet another previous
study reported an inverse correlation between LGI and HAM-
D scores in the right inferior parietal, right postcentral, and
left superior parietal lobes of patients with MDD (9). We
also assessed the correlation between the top 10 gyrification
patterns and psychiatric symptoms; however, we found no
statistically significant correlations between LGI and HAM-
D total scores.

This study had several limitations. First, the number of
participants was small, and the age and sex distributions of
the two groups were significantly different—a typical limitation
of clinical research. In addition, we did not include education
level or dominant arm in the analysis because of missing
data. This may have resulted in insufficient statistical power
to confirm our hypothesis. However, these differences in age
and educational level may be somewhat acceptable considering
that LGI peaks by age 2 and then remains relatively constant
throughout one’s life. In addition, we also statistically calculated
age and sex-adjusted p-value. Due to the limited sample size,
the statistical analysis also had several limitations. We could not
replicate the results to determine the validity of the outcome.
However, a priori dimensionality reduction techniques such
as PCA and OPLS-DA were used to refine the variables in
examining differences in gyration patterns between the MDD
and HC groups, thus increasing the accuracy of the analysis.
Another point to consider is that we conducted this study
using a one-point cross-sectional method. Thus, whether there
were any changes in LGI during the progression of MDD
was not fully elucidated. Therefore, a longitudinal study is
warranted in the future.
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Conclusion

Predicated on previous publications, this is not the first
study that investigated differences in cortical gyrification
patterns between MDD and HC groups. The present study
observed several gyrification patterns that cause differences in
the disease predicated on essential features of and VIP scores
and adjusted p-value. Of the 152 LGIs measured in this study,
108 were MDD < HC. Future large-scale studies with more
participants would help to clarify the relationship between
gyrification patterns and psychiatric symptoms.

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 human participants were reviewed
and approved by the Ethical Committee of University
of Occupational and Environmental Health, Japan. The
patients/participants provided their written informed consent to
participate in this study.

Author contributions

TN, NO, KW, and RY conceived and designed the
experiments. TN, NO, EC, HT, KW, and RY performed the
experiments. TN, NO, EC, and KW analyzed the data. TN, NO,
KW, EC, and RY composed the manuscript. TN, NO, EC, KW,

HT, GH, AI, SK, and RY provided expertise and edited the
manuscript. All authors read the manuscript and were solely and
jointly responsible for its content.

Acknowledgments

We thank Ms. Tomomi Ishiba for her help
with blood sampling.

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.

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.2022.1031386/full#supplementary-material

References

1. GBD 2017 Disease and Injury Incidence and Prevalence Collaborators. Global,
regional, and national incidence, prevalence, and years lived with disability for
354 diseases and injuries for 195 countries and territories, 1990-2017: a systematic
analysis for the Global Burden of Disease Study 2017. Lancet. (2018) 392:1789–858.
doi: 10.1016/S0140-6736(18)32279-7

2. Alsalman R, Alansari B. Relationship of suicide ideation with depression and
hopelessness. Eur Psychiatry. (2020) 33:S597. doi: 10.1016/j.eurpsy.2016.01.2228

3. Wulsin L, Vaillant G, Wells V. A systematic review of the mortality of
depression. Psychosom Med. (1999) 61:6–17. doi: 10.1097/00006842-199901000-
00003

4. Clarke D, Currie K. Depression, anxiety and their relationship with chronic
diseases: a review of the epidemiology, risk and treatment evidence. Med J Aust.
(2009) 190:S54–60. doi: 10.5694/j.1326-5377.2009.tb02471.x

5. Mathers C, Loncar D. Projections of global mortality and burden of disease
from 2002 to 2030. PLoS Med. (2006) 3:e442. doi: 10.1371/journal.pmed.0030442

6. Lin J, Chen T, He J, Chung R, Ma H, Tsang H. Impacts of acupressure treatment
on depression: a systematic review and meta-analysis. World J Psychiatry. (2022)
12:169–86. doi: 10.5498/wjp.v12.i1.169

7. Malhi G, Mann J. Depression. Lancet. (2018) 392:2299–312. doi: 10.1016/
S0140-6736(18)31948-2

8. Levy M, Boulle F, Steinbusch H, van den Hove D, Kenis G, Lanfumey L.
Neurotrophic factors and neuroplasticity pathways in the pathophysiology and
treatment of depression. Psychopharmacology. (2018) 235:2195–220. doi: 10.1007/
s00213-018-4950-4

9. Schmitgen M, Depping M, Bach C, Wolf N, Kubera K, Vasic N, et al. Aberrant
cortical neurodevelopment in major depressive disorder. J Affect Disord. (2019)
243:340–7. doi: 10.1016/j.jad.2018.09.021

10. Zilles K, Armstrong E, Schleicher A, Kretschmann H. The human pattern of
gyrification in the cerebral cortex. Anat Embryol. (1988) 179:173–9. doi: 10.1007/
BF00304699

11. Zilles K, Palomero-Gallagher N, Amunts K. Development of cortical folding
during evolution and ontogeny. Trends Neurosci. (2013) 36:275–84. doi: 10.1016/j.
tins.2013.01.006

12. Schaer M, Cuadra M, Schmansky N, Fischl B, Thiran J, Eliez S. How to
measure cortical folding from MR images: a step-by-step tutorial to compute local
gyrification index. J Vis Exp. (2012) 59:e3417. doi: 10.3791/3417

Frontiers in Psychiatry 09 frontiersin.org

16

https://doi.org/10.3389/fpsyt.2022.1031386
https://www.frontiersin.org/articles/10.3389/fpsyt.2022.1031386/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyt.2022.1031386/full#supplementary-material
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1016/j.eurpsy.2016.01.2228
https://doi.org/10.1097/00006842-199901000-00003
https://doi.org/10.1097/00006842-199901000-00003
https://doi.org/10.5694/j.1326-5377.2009.tb02471.x
https://doi.org/10.1371/journal.pmed.0030442
https://doi.org/10.5498/wjp.v12.i1.169
https://doi.org/10.1016/S0140-6736(18)31948-2
https://doi.org/10.1016/S0140-6736(18)31948-2
https://doi.org/10.1007/s00213-018-4950-4
https://doi.org/10.1007/s00213-018-4950-4
https://doi.org/10.1016/j.jad.2018.09.021
https://doi.org/10.1007/BF00304699
https://doi.org/10.1007/BF00304699
https://doi.org/10.1016/j.tins.2013.01.006
https://doi.org/10.1016/j.tins.2013.01.006
https://doi.org/10.3791/3417
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/


fpsyt-13-1031386 December 24, 2022 Time: 16:36 # 10

Natsuyama et al. 10.3389/fpsyt.2022.1031386

13. Peng D, Shi F, Li G, Fralick D, Shen T, Qiu M, et al. Surface vulnerability
of cerebral cortex to major depressive disorder. PLoS One. (2015) 10:e0120704.
doi: 10.1371/journal.pone.0120704

14. Li G, Nie J, Wang L, Shi F, Lin W, Gilmore J, et al. Mapping region-specific
longitudinal cortical surface expansion from birth to 2 years of age. Cereb Cortex.
(2013) 23:2724–33. doi: 10.1093/cercor/bhs265

15. Li G, Wang L, Shi F, Lyall A, Lin W, Gilmore J, et al. Mapping longitudinal
development of local cortical gyrification in infants from birth to 2 years of age. J
Neurosci. (2014) 34:4228–38. doi: 10.1523/JNEUROSCI.3976-13.2014

16. Casanova M, Tillquist C. Encephalization, emergent properties, and
psychiatry: a minicolumnar perspective. Neuroscientist. (2008) 14:101–18. doi: 10.
1177/1073858407309091

17. Pontious A, Kowalczyk T, Englund C, Hevner R. Role of intermediate
progenitor cells in cerebral cortex development. Dev Neurosci. (2008) 30:24–32.
doi: 10.1159/000109848

18. la Fougère C, Grant S, Kostikov A, Schirrmacher R, Gravel P, Schipper H, et al.
Where in-vivo imaging meets cytoarchitectonics: the relationship between cortical
thickness and neuronal density measured with high-resolution [18F]flumazenil-
PET. Neuroimage. (2011) 56:951–60. doi: 10.1016/j.neuroimage.2010.11.015

19. Sasabayashi D, Takayanagi Y, Takahashi T, Nemoto K, Furuichi A, Kido M,
et al. Increased brain gyrification in the schizophrenia spectrum. Psychiatry Clin
Neurosci. (2020) 74:70–6. doi: 10.1111/pcn.12939

20. Li Q, Zhao Y, Chen Z, Long J, Dai J, Huang X, et al. Meta-analysis of cortical
thickness abnormalities in medication-free patients with major depressive disorder.
Neuropsychopharmacology. (2020) 45:703–12. doi: 10.1038/s41386-019-0563-9

21. Schmaal L, Hibar D, Sämann P, Hall G, Baune B, Jahanshad N, et al. Cortical
abnormalities in adults and adolescents with major depression based on brain scans
from 20 cohorts worldwide in the ENIGMA Major Depressive Disorder Working
Group. Mol Psychiatry. (2017) 22:900–9. doi: 10.1038/mp.2016.60

22. Kaiser R, Andrews-Hanna J, Wager T, Pizzagalli D. Large-scale network
dysfunction in major depressive disorder: a meta-analysis of resting-state
functional connectivity. JAMA Psychiatry. (2015) 72:603–11. doi: 10.1001/
jamapsychiatry.2015.0071

23. Chen C, Liu Z, Xi C, Tan W, Fan Z, Cheng Y, et al. Multimetric structural
covariance in first-episode major depressive disorder: a graph theoretical analysis.
J Psychiatry Neurosci. (2022) 47:E176–85. doi: 10.1503/jpn.210204

24. Mulders P, van Eijndhoven P, Schene A, Beckmann C, Tendolkar I. Resting-
state functional connectivity in major depressive disorder: a review. Neurosci
Biobehav Rev. (2015) 56:330–44. doi: 10.1016/j.neubiorev.2015.07.014
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30. Kowiański P, Lietzau G, Czuba E, Waśkow M, Steliga A, Moryś JBDNF.
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Stress-related reduction of 
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Judy Alper 1,2*, Rui Feng 3, Gaurav Verma 1, Sarah Rutter 4, 
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Background: Major depressive disorder (MDD) is a prevalent health problem with 
complex pathophysiology that is not clearly understood. Prior work has implicated 
the hippocampus in MDD, but how hippocampal subfields influence or are affected 
by MDD requires further characterization with high-resolution data. This will help 
ascertain the accuracy and reproducibility of previous subfield findings in depression 
as well as correlate subfield volumes with MDD symptom scores. The objective of 
this study was to assess volumetric differences in hippocampal subfields between 
MDD patients globally and healthy controls (HC) as well as between a subset of 
treatment-resistant depression (TRD) patients and HC using automatic segmentation 
of hippocampal subfields (ASHS) software and ultra-high field MRI.

Methods: Thirty-five MDD patients and 28 HC underwent imaging using 7-Tesla MRI. 
ASHS software was applied to the imaging data to perform automated hippocampal 
segmentation and provide volumetrics for analysis. An exploratory analysis was also 
performed on associations between symptom scores for diagnostic testing and 
hippocampal subfield volumes.

Results: Compared to HC, MDD and TRD patients showed reduced right-hemisphere 
CA2/3 subfield volume (p = 0.01, η2 = 0.31 and p = 0.3, η2 = 0.44, respectively). Additionally, 
negative associations were found between subfield volumes and life-stressor checklist 
scores, including left CA1 (p = 0.041, f2 = 0.419), left CA4/DG (p = 0.010, f2 = 0.584), right 
subiculum total (p = 0.038, f2 = 0.354), left hippocampus total (p = 0.015, f2 = 0.134), 
and right hippocampus total (p = 0.034, f2 = 0.110). Caution should be  exercised in 
interpreting these results due to the small sample size and low power.

Conclusion: Determining biomarkers for MDD and TRD pathophysiology through 
segmentation on high-resolution MRI data and understanding the effects of stress 
on these regions can enable better assessment of biological response to treatment 
selection and may elucidate the underlying mechanisms of depression.
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1. Introduction

Major depressive disorder (MDD) is a debilitating illness of high 
prevalence worldwide (1) that affects ~6.9% of the U.S. population 
annually. Current treatments for MDD are lacking due to limited 
treatment efficacy and significant lag time to onset of therapeutic 
benefit. Although several mechanisms for depression have been 
proposed in the literature (2–6), the pathophysiology underlying 
psychological dysfunction that characterizes the disease is still not 
clearly understood. Determining measurable neurobiological 
biomarkers for pathology in MDD may enable better assessment of 
biological response to treatment selection and timing, highly specific 
criteria for diagnosis by which to differentiate disease subtypes, and 
development of novel treatments targeting disease mechanisms. 
Elucidating the complex interactions between brain biomarkers and 
clinical characteristics of MDD would allow for greater integration of 
anatomical biomarkers in clinical diagnoses and treatments.

In addition to understanding the biological basis for MDD, further 
analysis is warranted to understand treatment-resistant depression 
(TRD), as there are many patients for whom no sufficient treatment 
exists (7). It is estimated that 20%–30% of patients with depression 
experience resistance to treatment (8), and TRD represents 
approximately half of the treatment costs for MDD overall (9).

A major brain structure known to be implicated in neuropsychiatric 
diseases is the hippocampus. For perspective, previous magnetic 
resonance imaging (MRI) studies have shown that structural 
abnormalities in the hippocampus are often found in post-traumatic 
stress disorder (10), Alzheimer’s disease (11), and depression (12). 
Furthermore, meta-analyses of large datasets indicate hippocampal grey 
matter volume is commonly diminished in MDD (13, 14).

Anatomically, the hippocampus consists of cytoarchitecturally 
defined fields and includes Ammon’s horn (and its four subdivisions, 
CA1-4), the dentate gyrus (DG), and the subiculum (SUB) (15). A variety 
of neuropsychiatric conditions may involve the hippocampus overall or 
may differentially involve various hippocampal subfields, as these regions 
are morphologically and functionally different from one another (16).

Animal studies (17, 18) as well as post-mortem analyses (19, 20) 
have confirmed that hippocampal subfields are differentially affected by 
neuropsychiatric diseases (15, 16) and have further reinforced an 
association between hippocampal subfield volume changes and MDD 
in humans (21–23). It is possible that volumetric reductions in subfield 
volumes result from deleterious neurotoxic effects of stress-related 
hormones on neurons and glial cells (24). Therefore, hippocampal 
subfield volumes may serve as sensitive biomarkers for the disease. 
While many studies in depression have been performed, there is still a 
lack of consistency in the reported subfields with significant findings 
and validation of existing findings is warranted (25).

MRI has been used to inspect hippocampal subfield volumes in vivo 
(26–30) at varying field strengths. Use of ultra-high field MRI scanners, 
such as those operating at 7-Tesla (7T), can allow for increased 
visualization of boundaries and delineation of subfields than conventional 
clinical strength scanners due to superior contrast and resolution 

at 7T (31). These high-field advantages can reveal structural subtleties 
which are below the threshold of detectability at clinical field strengths 
(32). There is a limited number of 7T studies examining hippocampal 
subfields in MDD and their segmentation methods include either manual 
tracings (33) or automated segmentation with FreeSurfer version 6.0 (29, 
34, 35). Manual hippocampal subfield segmentation is labor-intensive and 
can be difficult to reproduce across research centers (36). The applicability 
of automated segmentation of hippocampal subfields with FreeSurfer 6.0 
has been validated on field strengths lower than 7T (up to 3T) and the atlas 
used was built from manual tracings in a cohort of elderly subjects, 
potentially limiting its applicability in studies with younger populations 
(37). Additionally, some of the subfield boundaries, including the CA4/
GC-DG interface and the interfaces between the CA fields along the 
pyramidal layer of the hippocampus, cannot be clearly visualized in the 
training data used for the atlas in FreeSurfer 6.0. Overall, there is an 
ongoing challenge in hippocampal subfield MRI literature, such that there 
is large discrepancy and variability in subregion definitions and boundaries 
(25). The fact that there may be variability in subfield delineations warrants 
further analyses employing other segmentation methods, such as the 
trained automatic segmentation of hippocampal subfields (ASHS) 
software (38), to verify and validate results in the MDD cohort.

In this study, we  evaluated differences in hippocampal subfield 
volumes between MDD patients and healthy controls, as well as between 
a subset of TRD patients and healthy controls. We also performed an 
exploratory analysis on associations between symptom scores for 
diagnostic testing, including the Montgomery-Asberg Depression 
Rating Scale (MADRS) and Life Stressor Checklist (LSC), and 
hippocampal subfield volumes. These analyses were enabled by 
acquisition of high-resolution data using 7T MRI and applying ASHS 
software to perform automated hippocampal subfield segmentation. 
ASHS is unique in that it has been validated on ultra-high field MRI data 
(36, 37) and allows for user-defined segmentation protocols through its 
training pipeline. We used manual hippocampal subfield tracings to 
generate a specialized 7T atlas for ASHS training to enable increased 
segmentation accuracy based on our high-resolution 7T data. To our 
knowledge, this study is the first to apply ASHS to 7T MDD data.

Investigation of hippocampal subfield volumes at higher field 
strengths using segmentation methods optimized for ultra-high field data 
can shed light on the accuracy and reproducibility of previous subfield 
findings in depression as well as association of subfield volumes and 
MDD symptom scores. Determining biomarkers for pathology in MDD 
through segmentation on high-resolution MRI data can ultimately enable 
better assessment of biological response to treatment selection and timing 
as well as development of novel treatments targeting disease mechanisms.

2. Methods

2.1. Subjects

A total of 63 subjects were included in this study (39 biologic 
males, 23 biologic females, and one other) including 35 MDD patients 
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(mean age 39.5 years, standard deviation 11.8 years, 20 males, 14 
females, and one other) and 28 healthy controls (mean age 39.4 years, 
standard deviation 10.4 years, 19 males and 9 females). Age was not 
significantly different between groups (p  = 0.99). All participants 
provided informed written consent prior to investigation. The protocol 
used was approved by the local Institutional Review Board, namely the 
Human Research Protection Program at the Icahn School of Medicine 
at Mount Sinai.

Prior to the MRI visit, a series of symptom questionnaires were 
administered to all participants by trained clinical raters. Included in 
these were the Structural Clinical Interview for DSM-IV Axis 
I Disorders (SCID) or the Structured Clinical Interview for DSM-5 
Research Version (SCID-5), the Montgomery-Asberg Depression Rating 
Scale (MADRS; range 0–60; higher score indicates greater depression 
severity) and Life Stressor Checklist (LSC; range 0–30, higher score 
indicates greater number of exposures to stressful life events). Lifetime 
number of antidepressant failures were also collected. The demographic 
and clinical characteristics are presented in Table 1.

All subjects underwent MRI scanning at 7T (Magnetom, Siemens) 
under an approved protocol by the Institutional Review Board at the 
Icahn School of Medicine at Mount Sinai. To qualify for the study, 
MDD participants needed to have a current primary diagnosis of 
MDD based on clinical evaluation using the SCID or SCID-5. All 
MDD participants were antidepressant free for at least 4 weeks prior 
to study participation. Healthy control (HC) participants were also 
assessed using the SCID or SCID-5 and were excluded for any current 
or lifetime psychiatric conditions. Participants in both groups with a 
current diagnosis of obsessive–compulsive disorder, with alcohol or 
substance use disorder in the past year, or with a lifetime history of 
psychosis, neurological disease, or bipolar disorder were excluded. 
Participants with contraindications to 7T MRI were also excluded. 
TRD patients were defined as patients with a lifetime history of one or 
more anti-depressant failures. This is a non-standard definition for 
TRD and, therefore, results in this subset of patients would 
be considered very preliminary.

2.2. Image acquisition protocol

A 32-channel Nova Medical head coil was used to acquire brain 
images for segmentation. The 90-min imaging protocol included 
MP2RAGE (TR 6,000 ms, TI1 1,050 ms, TI2 3,000 ms, TE 5.06 ms, voxel 
0.70 × 0.70 × 0.70 mm3) and T2 TSE (TR 9,000 ms, TE 69 ms, voxel 
0.45 × 0.45 × 2 mm3) scans acquired at a coronal oblique oriented 
perpendicular to the long axis of the hippocampus.

2.3. Hippocampal subfield segmentation

Prior to performing automated hippocampal subfield segmentation 
manual subfield tracings were performed using 3DSlicer software on 
high-resolution 7T T2-TSE images (0.45 × 0.45 × 2 mm3). The tracing 
method was guided and verified by an expert neuroanatomist (PH) 
and neuroradiologist (BD) and the segmentations were generated 
through the joint effort of two trained image analysts, including the 
following subfields: CA1, CA2/3, CA4/DG, subiculum, and 
pre-subiculum.

As ASHS performs hippocampal subfield segmentation based on 
existing brain atlases, the developers of the ASHS platform allowed for 
atlas building, which can enable increased segmentation accuracy based 
on advantages of a given set of data. Therefore, we used the manual 
tracings described above to generate a specialized 7T atlas for 
ASHS training.

The atlas contained manually-traced hippocampi on 7T images 
on a combined subset of 15 MDD patients and controls with no 
clinically significant, identifiable hippocampal abnormalities. The 
manually segmented subsample consisted of 6 females, with a mean 
age of 41.3 years and 9 males, with a mean age of 48.1 years. A left–
right flip of each segmentation was performed, resulting in a total of 
30 subjects for ASHS atlas training. The atlas was approved upon 
visual inspection by an expert neuroradiologist (BD) and 
neuroanatomist (PH).

Automated hippocampal subfield segmentation using the 
specialized 7T atlas for ASHS was applied to 7T MRI data on MDD 
patients and healthy controls. The subfields delineated by ASHS are the 
same as those segmented in the manual tracings used for training and 
included CA1, CA2/3, CA4/DG, subiculum, and pre-subiculum. High 
resolution T1 and T2 weighted images were used as inputs to perform 
optimal segmentation with ASHS.

2.4. Statistics

All hippocampal subfields were normalized to total brain volume 
provided by FreeSurfer version 6.0. For this normalization, each subfield 
volume was divided by the total brain volume of a given subject and 
multiplied by a scaling factor. We elected to combine the subiculum and 
presubiculum into one region (subiculum total) for analysis in order to 
overcome inconsistencies between methods in segmenting these regions 
(25). Because the data were not normally distributed, the nonparametric 
Mann–Whitney U-test was used to compare subfield volumes by group. 
Effect sizes (η2) were also calculated. A proportional odds ordinal 

TABLE 1 Demographic and clinical characteristics.

MDD (n = 35) HC (n = 28) Value of p

Male (frequency, %) 20, 57.14% 19, 67.86% 0.46

Age, years (mean ± SD) 39.46 ± 11.77 39.43 ± 10.35 0.99

Age at first episode (mean ± SD) 18.46 ± 14.07 – –

Duration of current episode, months (mean ± SD) 47.52 ± 71.80 – –

Number of antidepressant failures (mean ± SD) 1.25 ± 2.02 (32) – –

MADRS 22.94 ± 11.93 0.50 ± 1.07 2.58E-14*

LSC 5.15 ± 4.35 (26) 2.32 ± 2.13 0.0034*

MADRS, Montgomery-Asberg Depression Rating Scale; LSC, Life Stressor Checklist. 
*Significant value of p < 0.05 for MDD group compared to HC group.
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logistic regression model was also used to compare subfield volumes by 
group, controlling for age and biological sex. β values were also 
calculated. A multivariate ordinary least squares regression model was 
applied to predict symptom scores, specifically MADRS and LSC score, 
from hippocampal subfield volumes, controlling for age and biological 
sex. Effect sizes (Cohen’s f 2) were also calculated. Significance was set at 
an α level of 0.05 for all tests. Correction for multiple comparisons was 
performed on all findings using adaptive false discovery rate (FDR) (39).

3. Results

The results of ASHS hippocampal subfield segmentation for one 
representative subject are shown in Figure 1.

3.1. Group comparisons of subfield volumes

3.1.1. Group comparison of subfield volumes in 
MDD patients and controls

The full set of results for this group comparison is shown in 
Tables 2A,B. Table 2A summarizes the results of the Mann–Whitney 
U-test and Table 2B summarizes the results of the proportional odds 
ordinal logistic regression model, controlling for age and biological sex. 
The volume of the CA2/3 subfield on the right side was found to 
be significantly smaller in patients compared to controls in Table 2A 
(p = 0.01, η2 = 0.31), as shown in Figure 2, and in Table 2B (p = 0.02, 
β = 1.12). No subfield was significant after correction for multiple 
comparisons using the adaptive FDR method.

3.1.2. Group comparison of subfield volumes in 
TRD subset and controls

The full set of results for this group comparison is shown in 
Tables 3A,B. Table 3A summarizes the results of the Mann–Whitney 
U-test on 13 TRD patients (eight males, five females) and 13 
HC. Table 3B summarizes the results of the proportional odds ordinal 
logistic regression model, controlling for age and biological sex, on 13 
TRD patients and 28 HC. The volume of the CA2/3 subfield on the right 
side was found to be  significantly smaller in patients compared to 
controls in Table 3A (p = 0.03, η2 = 0.44), as shown in Figure 3, and in 
Table 3B (p = 0.01, β = −1.77). The right CA2/3 subfield volume finding, 
identified through the proportional odds ordinal logistic regression 
model, was significant after correction for multiple comparisons 
(p = 0.04) using the adaptive FDR method.

3.2. Regression analysis predicting symptom 
scores from subfield volumes

In a subset of 26 patients (14 males, 12 females) and 28 healthy 
controls (19 males, nine females) for which symptom scores were 
collected, linear regressions, with age and sex as covariates, were 
performed to assess the relationship between symptom scores and 
hippocampal subfield volumes.

The ASHS generated subfield volumes that had significance in 
association with LSC scores included left CA1 (p = 0.04, f  2 = 0.419), left 
CA4/DG (p = 0.01, f  2 = 0.584), and right subiculum total (p = 0.04, 
f  2 = 0.354), all of which indicated a negative relationship between 
subfield volume and LSC score. Similarly, the left hippocampus total 

volume (p = 0.02, f  2 = 0.134) and right hippocampus total volume 
(p = 0.03, f  2 = 0.110) were also significant in their negative association 
with LSC scores. Regression plots with ASHS software significant 
findings are shown in Figure 4. All significant findings survived multiple 
comparison correction with adaptive FDR. The full set of results for the 

FIGURE 1

3D rendering of one representative subject’s brain with an overlay of 
the automated hippocampal subfields segmentation.

TABLE 2A Group differences in volumes between MDD patients and healthy 
controls.

Hippocampal 
subfield

Left hemisphere Right hemisphere

Raw/ 
Adj p

η2 Raw/ 
Adj p

η2

CA1 0.62/0.79 0.06 0.75/0.75 0.04

CA2/3 0.08/0.38 0.22 0.01*/0.06 0.31

CA4/DG 0.69/0.79 0.05 0.16/0.36 0.18

Subiculum total 0.79/0.79 0.03 0.74/0.75 0.04

Hippocampus total 0.62/0.79 0.06 0.22/0.36 0.16

*Significant p-value < 0.05 in right hemisphere CA2/3 without correction for multiple 
comparisons. No subfield was significant after corrected for multiple comparisons by brain side 
using the adaptive false discovery method Mann–Whitney U-test; effect sizes η2 ≥ 0.1, η2 ≥ 0.3, 
and η2 ≥ 0.5 represent small, medium, and large effect sizes, respectively; (n = 63; 35 MDD,  
28 HC).

TABLE 2B Group effect in volumes between MDD patients and healthy 
controls, adjusting for age and sex using proportional odds ordinal logistic 
regression model.

Hippocampal 
subfield

Left hemisphere Right hemisphere

Raw/ 
Adj p

β (SE)
Raw/ 
Adj p

β (SE)

CA1 0.67/0.93 0.19 (0.44) 0.54/0.66 0.27 (0.45)

CA2/3 0.06/0.32 0.84 (0.45) 0.02*/0.08 1.12 (0.46)

CA4/DG 0.80/0.93 0.11 (0.44) 0.15/0.27 0.65 (0.45)

Subiculum total 0.93/0.93 −0.04 (0.44) 0.66/0.66 0.20 (0.44)

Hippocampus total 0.57/0.93 0.25 (0.45) 0.16/0.27 0.63 (0.45)

*Significant p-value < 0.05 in right hemisphere CA2/3 without correction for multiple 
comparisons. No subfield was significant after corrected for multiple comparisons by brain side 
using the adaptive false discovery method; (n = 63; 35 MDD, 28 HC).
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associations between LSC scores and hippocampal subfields are shown 
in Table  4. The MADRS score and other symptom scores collected 
showed no significant association with subfield volumes.

4. Discussion

In this study, we used high-resolution 7T MRI data to train the 
ASHS software for hippocampal subfield segmentation and analyze 

hippocampal subfield volumes in depression. The analyses in this study 
involved group comparisons between MDD patients and healthy 
controls and between TRD patients and healthy controls, as well as 
regressions for prediction of symptom scores from hippocampal 
subfield volumes to probe the effects of stress on specific hippocampal  
domains.

4.1. Hippocampal subfield volume 
differences between patients and controls

Significant volumetric differences between MDD patients and 
controls were found in CA2/3 in the right hemisphere, with smaller 
volumes in patients, a pattern which is concordant with the 
literature on hippocampal subfield changes associated with stress-
related disorders (40, 41). Pyramidal neurons in the CA fields are 
most susceptible to stress and increased cortisol levels (17, 40, 41) 
which induces neuronal damage, dendritic shrinkage, and reduced 
astrocyte density, which together may contribute to volume loss 
(41). This group-level finding persisted in the subset of TRD 
patients compared to healthy controls, suggesting that hippocampal 
abnormalities may be further pronounced in patients with resistance 
to antidepressants. Given the small sample size, however, this 
finding must be  interpreted with caution and validated in a 
larger population.

FIGURE 2

Smaller CA2/3 subfield volume in the right hippocampus of MDD patients compared to controls using ASHS.

TABLE 3A Group differences in volumes between TRD patients and healthy 
controls.

Hippocampal 
subfield

Left hemisphere Right hemisphere

Raw/ 
Adj p

η2 Raw/ 
Adj p

η2

CA1 0.82/0.82 0.05 0.23/0.29 0.24

CA2/3 0.23/0.82 0.24 0.03*/0.13 0.44

CA4/DG 0.46/0.82 0.15 0.13/0.24 0.3

Subiculum total 0.78/0.82 0.06 0.82/0.82 0.05

Hippocampus total 0.59/0.82 0.11 015/0.24 0.29

*Significant p-value < 0.05 in right hemisphere CA2/3, corrected for multiple comparisons by 
brain side using the adaptive false discovery rate method, Mann–Whitney U-test; effect sizes 
η2 ≥ 0.1, η2 ≥ 0.3, and η2 ≥ 0.5 represent small, medium, and large effect sizes, respectively; 
(n = 26; 13 MDD, 13 HC).

TABLE 3B Group effect in volumes between TRD patients and healthy 
controls, adjusting for age and sex using proportional odds ordinal logistic 
regression model.

Hippocampal 
subfield

Left hemisphere Right hemisphere

Raw/ 
Adj p

β (SE)
Raw/ 
Adj p

β (SE)

CA1 0.86/0.86 −0.11 (0.61) 0.28/0.35 −0.67 (0.28)

CA2/3 0.12/0.60 −0.97 (0.63) 0.01*/0.04* −1.77 (0.66)

CA4/DG 0.81/0.86 −0.14 (0.61) 0.10/0.23 −1.02 (0.63)

Subiculum total 0.56/0.86 0.36 (0.61) 0.77/0.77 0.18 (0.61)

Hippocampus total 0.73/0.86 −0.21 (0.61) 0.14/0.23 −0.93 (0.62)

*Significant p-value < 0.05 in right hemisphere CA2/3, corrected for multiple comparisons by 
brain side using the adaptive false discovery rate method; (n = 41; 13 MDD, 28 HC).

FIGURE 3

Smaller CA2/3 subfield volume in the right hippocampus of TRD 
patients compared to controls using ASHS.
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FIGURE 4

Regression plots of the identified significant negative associations between hippocampus subfield CA1, combined CA4/DG, total subiculum, left whole 
hippocampus, and right whole hippocampus and life stressors rated by the LSC.

TABLE 4 Regression analysis findings for LSC score and hippocampal subfield volumes in MDD patients and healthy controls.

Hippocampal subfield
Left hemisphere Right hemisphere

Raw/Adj p Cohen’s f2 Raw/Adj p Cohen’s f2

CA1 0.04*/0.04* 0.419 0.13/0.13 0.271

CA2/3 0.08/0.08 0.389 0.18/0.18 0.281

CA4/DG 0.01*/0.02* 0.584 0.14/0.14 0.696

Subiculum total 0.23/0.23 0.423 0.04*/0.04* 0.354

Hippocampus total 0.02*/0.02* 0.134 0.03*/0.04* 0.11

*Significant p-value < 0.05 in left hemisphere CA1 and CA4/DG, right hemisphere subiculum total, and hippocampus total in the left and right hemispheres, corrected for multiple comparisons by 
brain side using the adaptive false discovery method; local effect sizes f 2 ≥ 0.02, f 2 ≥ 0.15, and f 2 ≥ 0.35 represent small, medium, and large effect sizes, respectively; (n = 54; 26 MDD, 28 HC).

4.2. Associations between hippocampal 
subfield volumes and LSC scores

Significant negative associations were found between LSC scores 
and subfield volumes, specifically left CA1, left CA4/DG, and right 
entire subiculum. Significant negative associations were also found 
between LSC and total hippocampal volume in the left and right 
hemispheres. Investigating associations between LSC score and 
hippocampal subfields in depression is important to understanding the 
effects of stress on the hippocampal anatomy, specifically dendritic 
shrinkage and other neurotoxic effects (24). These findings are 
concordant with the effects of stress on hippocampal anatomy, 
specifically affecting the CA fields (21).

4.3. Limitations and future directions

A limitation of this study is the small sample size. Despite this, 
significant differences were found between MDD patients and healthy 

controls in this dataset, suggesting potential 7T benefits of resolving and 
identifying subtle structural changes in small subregions including 
hippocampal subfields. There were also a few subfields with medium to 
large effect sizes that showed a trend toward an association with MDD, 
such as the right CA2/3  in Table  2 and right CA4/DG in Table  4. 
We estimated the post hoc power for detecting the difference in right 
CA2/3 between the MDD patients and the healthy controls to be 43%, 
with a significance level (alpha) of 0.01 using the Wilcoxon Mann–
Whitney test. Caution should be exercised in interpreting the results as 
low study power can lead to not only decreased likelihood of finding a 
true association but also overestimation of effect size and low 
reproducibility. Analysis with a larger sample size or performance of 
meta-analysis would be necessary to validate these findings (42).

In studying MDD and its relationship to different depression 
related symptoms, we  found that hippocampal subfield CA2/3 was 
reduced in MDD patients compared to controls as well as in TDR 
patients versus controls and that reductions in CA1, CA4/DG, and 
subiculum correlated with lifetime stressors. Leveraging the benefits of 
ultrahigh field 7T MRI, including superior signal and resolution over 
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clinical field strength MRI, to investigate the hippocampus and its 
subfields and using a 7T-trained and validated automated segmentation 
software to that end, can enable overall enhanced detection of imaging 
markers for MDD and treatment-resistant MDD. Hippocampal subfield 
volumes may serve as imaging biomarkers for MDD, which may help 
design more targeted treatments for the disease in the future. 
Furthermore, we found that there is value in studying MDD and its 
relationship to different depression related symptoms, especially 
lifetime stressors, rather than analyzing depression as a binary diagnosis.
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Introduction: Symptoms of depression are associated with the dysfunction of neural 
systems such as the emotion, reward system, and the default mode network. These 
systems were suggested by the model of neuroaesthetics as key contributions to 
aesthetic experience, leading to the prediction of atypical aesthetic orientation in 
depression. Here we investigated the aesthetic characteristics of depression and the 
corresponding neural underpinnings.

Methods: Fifty-two (25 depression patients, 27 healthy controls) participants 
were asked to make aesthetic judgments on faces and landscapes in an 
electroencephalographic (EEG) experiment.

Results: Our results indicate that relative to the controls, the depression tended 
to give ugly judgments and refrained from giving beautiful judgments, which was 
observed only for faces but not for landscapes. We also found that the face-induced 
component N170 was more negative in the depression group than the control 
group for ugly and neutral faces. Moreover, the aesthetic evaluation of ugly faces 
was associated with decreased N200 negativity in the depression group than in the 
control group, while the evaluation of beautiful faces was associated with decreased 
brain synchronization at the theta band.

Discussion:  These results suggested a face-specific negative aesthetic bias in depression 
which can help to design and develop aesthetics-oriented schemes in assisting the 
clinical diagnosis and therapy of depression.

KEYWORDS

depression, face, aesthetic bias, electroencephalography, neuroaesthetics

1. Introduction

When people have a depressive episode, the visual world seems to lose its color. What was 
beautiful may look flat or even ugly. What was enjoyed or assigned value stops being pleasurable or 
worth living for. In accordance with the two core clinical symptoms “depressed mood” and “loss of 
interest or pleasure in nearly all activities” (i.e., anhedonia) (1), great effort has been made to reveal 
the cognitive and neural mechanisms of the affective and the motivational abnormalities in 
depression. On the affective aspect, depressive populations exhibit biased cognitive processing for 
negative information against positive information (2). At the neural level, the processing of negative 
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information in depression is accompanied by hyperactivity in the limbic 
areas such as the amygdala, and aberrant activity in the prefrontal cortex 
(3). On the motivational aspect, depressive populations show 
insensitivity to reward stimuli and impaired ability to pursue rewarding 
behaviors, underlined by hypoactivity in the striatum and the prefrontal 
cortex (4).

While the affective and motivational characteristics of depression 
have been well documented, little is known about the aesthetic 
characteristics of depression. The aesthetic experience, which covers 
both the affective and motivational components, is linked to both the 
emotional and reward circuits in the brain (i.e., the emotion-valuation 
system) (5). A growing body of studies has shown that the aesthetic 
perception of various stimuli consistently activated the orbitofrontal 
cortex (6–9), an area crucially involved in both emotion and reward 
processing (10). Of note, the dysfunction of OFC has been suggested as 
responsible for both the bias for negative emotion and the anhedonia in 
depression (11–13). Moreover, depression is also characterized by 
pathological self-referential processes (i.e., depressive rumination) 
related to the dysfunction of the default mode network (DMN) (14). In 
parallel, the DMN was active during aesthetic appreciation and was 
suggested to reflect the internal processing evoked by the appreciated 
stimuli (15, 16). Therefore, the aesthetic orientation and the 
corresponding neural underpinnings may provide an integrated 
signature of the multidimensional symptoms of depression.

In the present study, we asked if people with clinically diagnosed 
depression have aesthetic abnormalities that can be probed with both 
behavioral and electroencephalographic (EEG) techniques. For this 
purpose, in an EEG experiment, we asked both depression and the 
healthy controls to make aesthetic judgments on faces and landscapes, 
stimuli commonly used in recent neuroaesthetic studies (17). Based on 
the negative emotional bias and the anhedonia in depression, 
we predicted that the depression group would tend to give ‘non-beautiful’ 
judgments on stimuli that agreed to be beautiful by healthy people. At 
the neural level, it has been shown in previous studies that the aesthetic 
experience engaged both the perceptual activity and the prefrontal 
activity in the brain. For instance, viewing beautiful faces enhanced the 
activity in the fusiform face area (FFA) (18, 19) and the OFC (9). In 
terms of EEG evidence, the well-known face-specific component N170 
(20) was modulated by the aesthetic properties such as facial 
attractiveness (21) and emotion (22). A frontal negativity was elicited by 
the stimuli only in the aesthetic task (aesthetic judgment), but not in the 
perceptual task (symmetry judgment) (23). We hence expected that the 
biased aesthetic tendency in depression would be underlined by the 
corresponding EEG activities over the occipital and frontal regions.

2. Method

2.1. Participants

Sample size was determined by the sample size in recent studies on 
neuroaesthetics (N = 21–24, (7, 15, 19)), the availability of the recruited 
participants and the inclusion–exclusion criteria. Twenty-five depressive 
patients and 27 healthy controls (Table  1) participated in the EEG 
experiment. Patients were recruited from the outpatient clinics of the 
Fourth People’s Hospital of Wuhu. Diagnosis was performed by licensed 
psychiatrists using structured interview following DSM-V (24). Patients 
were included if they met the criteria of depression according to the 
structured interview. Patients were excluded if they met the criteria of 

schizophrenia, schizoaffective disorder, bipolar disorder, or anxiety 
disorder as the primary diagnosis. Patients were also excluded if their 
age lied outside the range of 18–40 years old. The healthy controls were 
recruited via internet-based advertisement and was screened for current 
and the history of psychiatric and neurological disorders. All participants 
had normal or corrected-to-normal vision. In addition to the clinical 
interview, both groups filled out the 21-item Beck Depression Inventory 
(25) prior to the experiment. Informed consent was obtained from all 
participants prior to the experiment. This study was approved by the 
Institutional Review Board for Human Research Protections of Shanghai 
Jiao Tong University (B2020011I).

2.2. Materials

Pictures were selected based on the aesthetic judgments from an 
independent group of healthy participants who did not take part in the 
EEG experiment. For the rating, thirty healthy participants (14 females, 
25.93 ± 2.53 years old; 16 males 25.86 ± 3.11 years old) were recruited and 
made aesthetic judgement (beautiful, neutral vs. ugly) on a total of 267 
pictures (72 landscape pictures, 99 male face pictures and 96 female 
pictures) collected from the internet. Prior to the aesthetic task, pictures 
were preprocessed such that they had the same visual resolution (72 pixels 
per inch), and the same size for each type (Landscape: 12° * 7.3° of visual 
angle, Face: 6° * 8° of visual angle). The background of each face was kept 
white. We used 50% as the threshold to decide the valence of the picture in 
the way that a picture was assigned to a specific valence category (e.g., 
beautiful) if more than 50% of the participants made the corresponding 
aesthetic judgment (e.g., more than 50% of participants gave the “beautiful” 
response). Within each valence category, the pictures were ranked based 
on the proportion of agreement, and 66 pictures were selected based on the 
rankings for the main experiment. For faces, there were 44 “beautiful” 
pictures, 44 “ugly” pictures, and 44 neutral pictures, with an equal amount 
(i.e., 22 pictures) of female and male faces under each of the three valence 
types. For landscape, there were 22 pictures under each valence type.

2.3. Experimental procedure

The formal experiment was conducted in a sound-attenuated room. 
Participants were seated in front of a monitor with an eye-to-monitor 
distance of 60 cm. Stimuli were presented at the center of a black 
background (Figure 1). At the beginning of each trial, a white cross was 
presented for a random interval of 0.25–0.5 s. A picture was then 
presented and remained on the screen for 2 s. Participants were asked to 
pay attention to the picture and evaluate the aesthetic valence of the 
picture. After the offset of the picture, the judgment frame was presented 

TABLE 1 Demographic and clinical characteristics of participants 
(mean ± SD).

Control Depression Statistics

Gender (F/M) 14/13 14/11 p = 0.76

Age (years) 24 ± 5.27 25.48 ± 6.42 p = 0.37

BDI score 6.37 ± 5.32 24.32 ± 10.30 p < 0.001

Education (years) 15.63 ± 3.88 14.32 ± 1.65 p = 0.71

Medication(Y/N) 0/27 23/2

BDI, Beck Depression Inventory-II (21-item).
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for 3 s. During the presentation of the judgment frame, the mapping 
between the three aesthetic valences and the response key was shown on 
the screen. Participants were required to press the key to make the 
aesthetic judgment (beautiful, neutral, vs. ugly). They were required to 
give a response within 3 s. The judgment frame was then replaced by the 
text “Rest” on the screen, indicating the end of the current trial. This rest 
frame was presented for a random interval of 1.5–1.75 s.

The 132 face pictures and 66 landscape pictures were mixed and 
pseudo-randomly assigned to 3 blocks of equal length, with each block 
including 22 male faces, 22 female faces, and 22 landscapes. Within each 
block, the 66 pictures were mixed and presented in random order. To 
ensure statistical power, each picture was presented twice and there were 
6 blocks in total, with the first presentation in the first 3 blocks and the 
second presentation in the last 3 blocks. There was a break between every 
two blocks, which lasted 5–10 min. Participants were asked to avoid body 
movement and to reduce eye blinks during the task to minimize artifacts.

2.4. Statistical analysis of behavioral data

Per each participant and each experimental condition, the 
perceptual discriminability d’ and the response bias β and judgement 
criterion c were calculated based on the signal detection theory (26). 
Specifically, an aesthetic response was identified as Hit if it was consistent 
with the picture valence (e.g., an “ugly” response was given to an “ugly” 
picture), and a response was identified as False Alarm (FA) if it was 
inconsistent with the picture valence (e.g., an ugly response was given 
to a beautiful or a neutral picture). The perceptual discriminability d’ 
was then calculated using the formula d’ = Z(Hit rate) – Z(FA rate), and 
the response bias β was calculated using the formula β = exp. (d’ * c), 
where c = −(Z(Hit rate) + Z(FA rate))/2. A 2(Group: depression vs. 
control) * 2(Picture type: face vs. landscape) * 3(Picture valence: 
beautiful, ugly, vs. neutral) repeated-measures ANOVA was, respectively, 
conducted on d’, β and c, with Group included as the between-subjects 
factor and Picture type and Picture Valence as the within-subject factors.

Further separate ANOVAs and t tests were performed following an 
interaction that involved group. The Greenhouse–Geisser correction 

was used to compensate for sphericity violations and the Bonferroni 
method was used for correcting multiple comparisons. A threshold of 
α = 0.05 was used to decide statistical significance.

Reaction times (RTs) were calculated as the time of response relative 
to the onset of the judgement frame and were averaged across all trials 
for each experimental condition. The same 2 * 2 * 3 ANOVA was also 
performed on the mean RTs.

2.5. EEG recording and preprocessing

EEG signals were recorded with a NeuSen W332 system (Neuracle, 
China). Thirty-two Ag/AgCl scalp electrodes were placed according to 
the international 10/20 system. The impedance of each channel was kept 
below 5kΩ. The ground electrode was located at the FPz and the 
reference at the Cz. EEG signals were recorded with a sampling 
frequency of 1,000 Hz. A notch filter with 50 Hz was adopted to remove 
power frequency interference during data acquisition. Data were 
analyzed with EEG-toolbox (27). In the pre-processing stage, the offline 
raw data was amplified with a 0.5–100 Hz band-pass filter, down-
sampled at 500 Hz/channel, and then re-referenced by the common 
average reference. Independent component analysis (ICA) algorithm 
was then used to remove the artifacts. Trials with peak-to-peak 
deflections exceeding ±100 μV were also excluded from data analysis.

2.6. Event-related potential analysis of EEG 
data

For each trial, data were segmented from −200 to 1,000 ms relative to 
the picture onset. Baseline corrections were applied to the interval of −200 
to 0 ms relative to the picture onset. We focused on the occipital region over 
the visual cortex to examine if the aesthetic judgment was reflected by the 
perceptual processing, and the frontal region to assess how the aesthetic 
judgment was reflected by high-level cognitive processing. For this 
purpose, the channels (PO3, PO4, O1, Oz, O2) over the occipital region 
were grouped into a cluster, and the channels (FP1, FP2, F3, Fz, F4) over 

FIGURE 1

Stimuli sequence of the aesthetic judgment task. In the stimulus stage, participants were asked to pay attention to the picture and then evaluate the 
aesthetic valence in the judgement stage.
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the frontal region were grouped into a cluster. For each cluster, the ERP 
times courses were averaged across all channels within the current cluster 
and averaged across all trials in a specific condition.

Given that face pictures and landscape pictures may induce distinct 
ERP components (e.g., face-specific N170), the statistical analysis was 
performed separately for faces and landscapes. The time range of each 
component was decided based on the peak amplitude. Specifically, the 
peak amplitude of each component was identified at the group level in 
each of the 6 conditions. For each component in each condition, the 
mean amplitude was calculated by averaging 100 ms centered at the 
peak point ((28); see Supplementary Table S1 for the time point of peak 
amplitude). For each picture type (Face and Landscape) and each 
cluster, the mean amplitude was entered into a 2(Group: depression vs. 
control) * 3(Picture valence: beautiful, ugly, vs. neutral) ANOVA. Only 
the occipital N170 and the frontal N200 were involved in the negative 
aesthetic bias (see results). The full ERP results are reported in 
Supplementary material.

For each of the two regions, the latencies of the first ERP component 
(Supplementary Table S2) were identified for each condition using the 
jackknife method (29). Considering the potential temporal correlation of 
the EEG waves, we performed the statistical analysis only on the latency of 
the first component. Latencies were also submitted to 2(Group: depression 
vs. control) * 3(Picture valence: beautiful, ugly, vs. neutral) ANOVA.

2.7. Time-frequency analysis of EEG data

For each trial, data were first subjected to a Butterworth bandpass 
filter (3rd order, 0.5–45 Hz), and then segmented from −500 to 2000 ms 
relative to the picture onset. The short-time Fourier transform (STFT, 
frequency range: 0.5–45 Hz, step = 1 Hz) with a Gaussian-tapered window 
(500 ms) was used to calculate the event-related spectral perturbations 
(ERSPs). The mean power in a baseline period (−500 to 0 ms relative to 
picture onset) was subtracted from each spectral estimate to produce the 
baseline-corrected ERSPs. The statistical testing was also focused on the 
occipital and frontal regions. To obtain ERSPs that related to the aesthetic 
evaluation, data were collapsed over all conditions for the occipital and 
the frontal region. Here we collapsed data over Face and Landscape 
conditions because there was no prior hypothesis for face-specific brain 
oscillations. To achieve unbiased statistical analysis, we firstly identified 
the oscillatory activities that involved the picture evaluation across 
groups, picture types, and valence types. For each region, a one-sample 
t-test was conducted for each cell of the ERSPs matrix, and cluster-based 
permutation testing (1,000 permutations, alpha level = 0.05) was used to 
correct multiple comparisons (30). Then, power amplitudes in each 
condition were extracted from the time-frequency clusters (see results 
for the significant clusters) that reached significance and were submitted 
to a 2(Group: depression vs. control) * 3(Picture valence: beautiful, ugly, 
vs. neutral) ANOVA for Face and Landscape, respectively. Only the 
frontal theta was involved in the negative aesthetic bias (see results). The 
full time-frequency results are reported in Supplementary material.

3. Results

3.1. Behavioral results

The 2(Group: depression vs. control) * 2(Picture type: face vs. 
landscape) * 3(Picture valence: beautiful, neutral vs. ugly) ANOVA on 

response bias (measured by β) showed a three-way interaction, F(2, 
100) = 6.447, p = 0.002, η2

p = 0.114 (see Supplementary material for full 
ANOVA results). For Face, a separate 2 * 3 ANOVA with group as the 
between-subjects factor and valence as the within-subject factor 
showed a main effect of valence F(1.448, 72.384) = 21.007, p < 0.001, 
η2

p = 0.296, with increased response bias from neutral to ugly, and from 
ugly to beautiful faces, all p < 0.033 (Bonferroni-corrected). Importantly, 
there was an interaction between group and valence, F(1.448, 
72.384) = 5.435, p = 0.013, η2

p = 0.098. This interaction was due to that 
the response bias for ugly faces was stronger in depression than the 
controls, t(50) = 2.286, p = 0.027, Cohen’s d = 0.635, 95% CI = [0.221, 
3.425], whereas response bias for beautiful faces was weaker in 
depression than the controls, t(50) = 2.100, p = 0.041, Cohen’s d = 0.583, 
95% CI = [0.087, 3.920] (Figure 2B). However, the decision bias for 
neutral faces did not differ between the two groups, t < 1. For Landscape, 
neither the main effect of group nor the interaction between group and 
valence reached significance, both F < 1. The same pattern was observed 
in both genders (Supplementary Figure S1). In all, the depressive group 
showed a stronger reaction bias towards ugly face.

The ANOVA on perceptual sensitivity (measured by d’) showed 
higher perceptual discriminability for ugly pictures than for beautiful 
pictures, and higher perceptual discriminability for beautiful pictures 
than for neutral pictures, F(2, 100) = 319.004, p < 0.001, η2

p = 0.864, and 
p < 0.001 with Bonferroni-corrected comparisons (Figure  2C). The 
perceptual discriminability was higher for Landscape than for Face, 
F(1, 50) = 50.263, p < 0.001, η2

p = 0.501. Also, the three-way interaction 
was significant, F(1.549, 77.459) = 3.408, p = 0.050, η2

p = 0.064.
The ANOVA on judgement criterion (measured by c) showed a 

three-way interaction, F(2, 100) = 3.773, p = 0.026, η2
p = 0.07. For 

Face, a separate 2 * 3 ANOVA showed a main effect of valence F(2, 
100) = 16.789, p < 0.001, η2

p = 0.251, with increased criterion from 
ugly to beautiful, and from neutral to beautiful faces, all p < 0.001 
(Bonferroni-corrected). Also, there was an interaction between 
group and valence, F(2, 100) = 4.799, p = 0.010, η2

p = 0.088, which was 
due to that the judgement criterion for ugly faces was weaker in 
depression than the controls, t(50) = 2.540, p = 0.014, Cohen’s 
d = 0.705, 95% CI = [0.061, 0.518], whereas criterion for beautiful 
faces was stronger in depression than the controls, t(50) = 2.424, 
p = 0.019, Cohen’s d = 0.673, 95% CI = [0.061, 0647]. However, the 
criterion for neutral faces did not differ between the two groups, 
t < 1. For Landscape, neither the main effect of group nor the 
interaction between group and valence reached significance, both 
p > 0.173. (Figure  2D). The ANOVA on RTs did not show any 
significant effect that involved Group, all p > 0.079 (Figure 2A). The 
hit and false alarm rate of beautiful, neutral, and ugly were shown in 
Table 2.

3.2. ERP results

The depression group showed generally longer ERP latencies 
than the controls, all p < 0.001 (Figure 3A, Supplementary Table S2). 
For Face, the amplitude of the N170 component over the occipital 
region was more negative in depression than the controls, F(1, 
50) = 6.313, p = 0.015, η2

p = 0.112 (Figure  3B). There was also an 
interaction between group and valence, F(1.737, 86.863) = 3.925, 
p = 0.029, η2

p = 0.073: the N170 was more negative in depression than 
the controls for ugly faces, t(50) = 2.787, p = 0.007, Cohen’s d = 0.774, 
95% CI = [0.565, 3.479] and neutral faces, t(50) = 2.670, p = 0.010, 
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Cohen’s d = 0.741, 95% CI = [0.450, 3.183], but not for beautiful 
faces, t(50) = 1.89, p = 0.065. In the depression group, there was a 
main effect of valence, F(2, 48) = 6.071, p = 0.004, η2

p = 0.202, with 
more negative N170 to ugly faces (p = 0.087) and neutral faces 
(p = 0.016) than beautiful face, but no difference between ugly and 
neutral faces, p > 0.999 (Bonferroni-corrected). In the control group, 
however, the main effect of valence was not significant, F(2, 
52) = 1.975, p = 0.149.

The amplitude of the N200 component over the frontal region 
showed an interaction between group and valence, F(2, 100) = 4.095, 
p = 0.020, η2

p = 0.076 (Figure 3C). Further tests showed that the N200 was 
less negative in depression than the controls regardless of valence, all 
p < 0.004. In the depression group, there was a main effect of valence, 
F(2, 48) = 6.392, p = 0.003, η2

p = 0.210, with less negative N200 to ugly 
faces than to neutral faces, p = 0.007, but no difference between ugly and 
beautiful faces, p = 0.132, or between neutral and beautiful faces, 
p = 0.512 (Bonferroni-corrected). By contrast in the control group, the 

main effect of valence did not reach significance, F < 1. Other ERP 
components did not show any interaction that involved Group for Face 
(Supplementary material).

No interaction that involved Group was observed for Landscape 
(Supplementary material).

3.3. EEG oscillation

The ERSPs over the frontal region and the occipital region were 
shown in Figure  4A, whereas only the frontal theta oscillation was 
involved in the aesthetic bias. For Face, the ANOVA on the frontal theta 
oscillation showed that the main effect of group was not significant, F(1, 
50) = 2.318, p = 0.134. Both the main effect of valence, F(1.75, 
87.514) = 3.283, p = 0.049, η2

p = 0.062, and the interaction between 
valence and group, F(1.75, 87.514) = 3.277, p = 0.049, η2

p = 0.062, were 
significant. The theta synchronization was weaker in the depression 

A B

C D

FIGURE 2

(A) The reaction times (RT) of the aesthetic judgments are shown as a function of the stimuli type, valence, and group. Error bars indicate standard errors. 
(B) The response bias is shown as a function of stimuli type, valence, and group. (C) The perceptual sensitivity is shown as a function of stimuli type, 
valence, and group, and (D) the judgement criterion is shown as a function of stimuli type, valence, and group. Error bars indicate standard errors.  
* indicates a significant difference.

TABLE 2 The hit and false alarm rate under different respond of participants (mean ± SD).

Landscape Face

Ugly Neutral Beautiful Ugly Neutral Beautiful

Hit rate control 0.88 ± 0.12 0.79 ± 0.13 0.89 ± 0.11 0.89 ± 0.08 0.74 ± 0.13 0.68 ± 0.18

depression 0.90 ± 0.08 0.74 ± 0.19 0.86 ± 0.19 0.90 ± 0.08 0.70 ± 0.19 0.54 ± 0.23

False alarm

rate

control 0.04 ± 0.05 0.10 ± 0.08 0.07 ± 0.06 0.03 ± 0.04 0.21 ± 0.10 0.10 ± 0.07

depression 0.05 ± 0.08 0.11 ± 0.12 0.08 ± 0.07 0.11 ± 0.15 0.24 ± 0.10 0.06 ± 0.06
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group than in the control group for beautiful faces, t(44.247) = 2.382, 
p = 0.022, Cohen’s d = 0.650, 95% CI = [0.065, 0.779], but not for ugly 
t(43.102) = 1.235, p = 0.224, or neutral faces, t < 1. In the depression 
group, there was a main effect of valence, F(2, 48) = 6.578, p = 0.003, 
η2

p = 0.215, with lower synchronization to beautiful faces than ugly 
(p = 0.011) and neutral faces (p = 0.017), but no difference between 
neutral and ugly faces, p > 0.999 (Bonferroni-corrected) (Figure 4B). By 
contrast in the control group, the main effect of valence did not reach 
significance, F < 1. The topographical distributions of the theta-power 
change extracted from the significant time-frequency range for faces was 
shown in Figure 4C. The oscillatory activity at other bands did not show 
interaction that involved Group for Face (Supplementary material).

No interaction that involved Group was observed for Landscape 
(Supplementary material).

4. Discussion

In the present study, we investigated the aesthetic preference and the 
corresponding neural underpinnings in depression. The behavioral 
results showed a response bias and judgement criterion for faces but not 
for landscapes in depression. Specifically, relative to the control group, 
the depression group tended to give “ugly” judgments and were more 
conservative in giving “beautiful” judgments. The bias for negative 
judgment (i.e., ugly) while against positive judgment (i.e., beautiful) in 
depression was accompanied by enhanced N170 over the occipital 
cortex, decreased N200, and theta oscillation over the prefrontal cortex. 
These results convergingly point to a face-specific negative bias of 
aesthetic perception in depression.

As the response bias and judgment criteria reflect the strictness of 
the criteria used by the participants to judge the stimulus, that is, the 
greater β and c values represent the stricter judgment criteria. Compared 
with the control group, the depressed group showed significant 
abnormal criteria in judging the ugly and beautiful face, which meant 
that the depressed group had a negative bias specific to the face. Some 

studies on the response bias of depressed patients show that an overall 
increase in bias towards identifying emotions which appeared to 
be largely driven by results for mood-relevant emotions (31). The study 
on negative emotional bias in depression reports both increased 
attention and facilitated processing of negative stimuli, and reduced 
discrimination and withdrawal or avoidance from them (32). Although 
Lynn et al. reported that perceivers with poor sensitivity (d’) exhibited 
more extreme bias (c) than did perceivers with better sensitivity (33), 
we did not see a significant effect that involved group in sensitivity in 
our results, which may be related to methodology and the type and 
context of stimulus presentation. In addition, we  did not find any 
significant effect related to group in RTs. The overall response time of 
the depression group was higher than that of the healthy group, which 
was consistent with the results of Anderson et al. (31), indicating that 
the impact of task difficulty could be ignored.

The negative aesthetic bias that specific to face in depression shown 
here raised the social origin of depression. While the cognitive model of 
depression highlighted the cognitive bias such as biased attention for 
negative information not exclusively social, the social-oriented model 
emphasized the interpersonal dysfunction such as interpersonal 
vulnerability and social difficulty (34). A recent study showed that face 
sensitivity was predicted by social cognition capabilities in healthy 
populations whereas was predicted by perceptual capabilities in major 
depressive disorder (35). Thus, the interpersonal dysfunctions in 
depression can sensitize the processing or reaction to social stimuli (e.g., 
faces) than non-social stimuli (e.g., landscapes), leading to a more 
pronounced bias.

The occipital N170 has been shown as a sensitive perceptual 
component to faces, with more negative amplitude to emotional faces 
than to neutral faces (22), and more negative amplitude to faces with 
higher attractiveness (21, 36). The face-induced N170 was also found to 
be more negative in depression than the controls for both emotional and 
neutral faces, indicating generally enhanced perceptual processing of 
faces in depression (37). Consistent with this result, here the ERP results 
showed more negative N170 during face processing in depression than 

A B

C

FIGURE 3

(A) Event-related potentials (ERP) averaged over the occipital region and the frontal region, respectively, are shown as a function of stimuli type, valence, 
and group. Only the two ERP components (occipital N170 and frontal N200) marked by dotted lines showed a significant interaction between group and 
valence. (B) The amplitudes of face-evoked occipital N170 are shown as a function of valence and group, and (C) the amplitudes of frontal N200 evoked by 
faces are shown as a function of valence and group. The error bars indicate the range of the amplitude values. The upper and lower boundaries of the 
colored square indicate the upper and lower quartiles of the amplitudes, and the black horizontal lines indicate the median of the amplitudes. * indicates a 
significant difference.
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the controls. Importantly, the degree of the enhanced N170 in depression 
increased from beautiful faces to neutral and ugly faces, a pattern echoed 
well with the decision bias of the aesthetic judgment, suggesting that the 
aesthetic evaluation modulates the perceptual representations of the 
encountered stimuli (18, 19).

The frontal N200 has been suggested as reflecting the initial affective 
reaction or contagion regardless of the emotional valence of the 
perceived stimuli (38, 39). For instance, the frontal N200 induced by 
faces conveying positive or negative emotion showed less negative 
amplitude than the N200 induced by neutral faces (40). Moreover, the 
frontal N200 was not restrictively involved in the processing of or 
reaction to face emotion, but also in face attractiveness, showing less 
negative amplitude to attractive faces than unattractive faces (41). 
Collectively, the frontal N200 may reflect the affective engagement of 
face processing, with less negative amplitude signaling higher affective 
engagement. Here the frontal N200 was generally less negative in the 
depression group than in the control group in the presence of all face 
stimuli. This result, along with the overall more negative occipital N170, 
suggested higher affective engagement in face processing in the 
depression group than in the controls. Importantly, ugly faces induced 
the least negative amplitude in depression, suggesting a biased affective 
engagement in ugly faces than in neutral and beautiful faces.

An alternative account could have been that the frontal N200 simply 
signaled the cognitive engagement rather than affective engagement in 
the aesthetic evaluation, as frontal N200 was often observed in tasks that 
required cognitive control (42). For instance, the frontal N200 was more 

negative when the presented stimuli contained incompatible information 
than when there was no incompatible information (42). On the contrary 
to this pattern, the frontal N200 showed less negative amplitude during 
high (vs. low) empathetic reactions to faces (39, 40). The opposite 
patterns of frontal N200 may reflect the external versus the internal 
processing, with more negative amplitude when the external processing 
was more dominant (e.g., during cognitive control) whereas less negative 
when the internal processing was more dominant (e.g., during affective 
reaction). This notion was supported by the current results that, relative 
to the control group, the frontal N200 was generally less negative in the 
depression group, who had a biased internal self-referential processing 
over external processing (14). Relative to beautiful and neutral faces, ugly 
faces in our experiment may concur with the negative self-referential 
information in depression and hence evoked the least negative N200.

As the frontal N200, the frontal theta oscillation was also found to 
be involved in both cognitive control and affective processing. On the one 
hand, the frontal theta was suggested as the source of the frontal N200 in 
cognitive control, with stronger synchronization in coping with high (vs. 
low) demand of control (28, 43). This account could be ruled out here as 
the frontal theta showed a different pattern from N200. Firstly, an overall 
group difference regardless of aesthetic valence was observed for N200 
but not for theta synchronization. Secondly, while the decreased frontal 
N200 in depression manifested during the aesthetic evaluation of ugly 
faces, the desynchronized frontal theta oscillation in depression 
manifested during the aesthetic evaluation of beautiful faces. On the 
other hand, the frontal theta has been repeatedly found to show strong 

A

CB

FIGURE 4

(A) The event-related spectral perturbations (ERSPs) over the frontal region (left panel) and the occipital region (right panel) were collapsed over stimuli 
type, valence and group, and are shown as a function of frequency and time. The areas marked by black lines indicate the time-frequency clusters that 
showed significant power changes relative to baseline. The 0-time point (marked by dotted lines) refers to the onset of the picture. (B) The ERSPs extracted 
from the frontal theta (the significant time-frequency range shown in (A) for faces are shown as a function of valence and group). Error bars indicate 
standard errors. *indicates a significant difference, and (C) the topographical distributions of the theta-power change extracted from the significant time-
frequency range for faces (only for illustration).
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synchronization to stimuli with high emotional intensity (44). There are 
also findings that the theta synchronization was specifically associated 
with positive emotion (45, 46). In a more relevant study, greater theta 
synchronization was observed for the preferred face than the 
non-preferred face (47), which could originate from the activity in OFC 
(48). Along this line, the lowered theta synchronization, together with 
the behavioral bias against the positive judgment in depression, might 
be related to the lack of interest or the loss of pleasure in beautiful faces 
that are otherwise rewarding for healthy people.

One might argue that the negative aesthetic bias for face in depression 
could be simply due to the biased recognition of facial expressions in 
depression. It has been shown that depressive populations tended to 
perceive neutral expressions as negative (49) and had difficulty correctly 
identifying positive expressions (50). It should be noted, however, that the 
aesthetic experience of a face cannot be equal to the emotion identification 
of the face stimulus. While a neutral stimulus can be identified as sad, the 
sadness or sorrow conveyed by the stimulus can nevertheless be perceived 
as beautiful at the same time (51). In other words, a face with negative 
expression does not necessarily induce negative aesthetic experiences.

According to the recent models of neuroaesthetics, the emotion-
valuation system and the DMN that supports self-referential processing 
are key contributors to the aesthetic experience (5). It is well-established 
that these systems are dysfunctional in depression, with manifestations 
such as the bias for negative emotion, the insensitivity to reward, and the 
ruminative thinking, as well as aberrance in the corresponding neural 
circuits (4, 13). Such dysfunctions could in combination lead to abnormal 
aesthetic orientation in depression. Specifically, in the present study, the 
insensitivity to reward and the dominance of negative over positive 
emotion may bias the perceptual processing away from the beautiful 
faces and result in a high threshold for “beautiful” judgments. The 
negative self-image and the dominance of internal over external 
processing may bias the perceptual processing of ugly faces and result in 
a low threshold for “ugly” judgments.

Taken together, the face-specific negative bias of aesthetic perception 
observed here, along with the EEG signatures, may be an integrated 
consequence of the multidimensional dysfunctions in depression.
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Amygdala’s T1-weighted image
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2State Key Laboratory of Cognitive Neuroscience and Learning, Beijing Normal University, Beijing, China

Introduction: Anxiety disorder is the most common psychiatric disorder among

adolescents, with generalized anxiety disorder (GAD) being a common subtype

of anxiety disorder. Current studies have revealed abnormal amygdala function

in patients with anxiety compared with healthy people. However, the diagnosis

of anxiety disorder and its subtypes still lack specific features of amygdala from

T1-weighted structural magnetic resonance (MR) imaging. The purpose of our

study was to investigate the feasibility of using radiomics approach to distinguish

anxiety disorder and its subtype from healthy controls on T1-weighted images of

the amygdala, and provide a basis for the clinical diagnosis of anxiety disorder.

Methods: T1-weightedMR images of 200 patients with anxiety disorder (including

103 GAD patients) as well as 138 healthy controls were obtained in the Healthy

Brain Network (HBN) dataset. We extracted 107 radiomics features for the left and

right amygdala, respectively, and then performed feature selection using the 10-

fold LASSO regression algorithm. For the selected features, we performed group-

wise comparisons, and use di�erent machine learning algorithms, including linear

kernel support vector machine (SVM), to achieve the classification between the

patients and healthy controls.

Results: For the classification task of anxiety patients vs. healthy controls, 2 and

4 radiomics features were selected from left and right amygdala, respectively, and

the area under receiver operating characteristic curve (AUC) of linear kernel SVM

in cross-validation experiments was 0.6739±0.0708 for the left amygdala features

and 0.6403±0.0519 for the right amygdala features; for classification task for GAD

patients vs. healthy controls, 7 and 3 features were selected from left and right

amygdala, respectively, and the cross-validation AUCs were 0.6755±0.0615 for

the left amygdala features and 0.6966±0.0854 for the right amygdala features.

In both classification tasks, the selected amygdala radiomics features had higher

discriminatory significance and e�ect sizes compared with the amygdala volume.

Discussion: Our study suggest that radiomics features of bilateral amygdala

potentially could serve as a basis for the clinical diagnosis of anxiety disorder.

KEYWORDS

anxiety disorder, generalized anxiety disorder, magnetic resonance imaging, amygdala,

radiomics
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1. Introduction

As a common brain and behavioral disorder (1), anxiety

disorder manifests primarily as excessive fear, worry and avoidance,

leading to severe emotional distress, physical illness, cognitive, and

behavioral impairments, which further impairs social functioning

and quality of life (2). Generalized anxiety disorder (GAD) is a

common subtype of anxiety disorder, which is characterized by

chronic, excessive anxiety, and worry accompanied by somatic

symptoms such as restless, muscle tension, cardiopalmus, and sleep

disturbance. The diagnosis of anxiety disorder and its subtypes

mainly bases on the presenting symptom, which is subjective

and is heavily influenced by the experience of psychiatrist.

Biomarkers from neuroimaging, genetics, neurochemistry, and

neurophysiology are in critical need for more precise identification

of patients with anxiety disorder.

Amygdala plays an important role in the development of

anxiety disorder and its subtypes (3, 4). A resting state fMRI study

found that adult GAD patients exhibited decreased amygdala sub-

regions functional connectivity with the cingulate gyrus insula (5).

In addition, numerous structural MR imaging studies have revealed

alterations in the volume of the amygdala and its microstructures in

patients with anxiety disorder and its subtypes (6–10).

The T1-weighted structural magnetic resonance (MR) imaging

is necessary for the spatial registration of other MRI scan. Using

the T1-weighted MR imaging only as a biomarker for mental

disorders would save a lot of time. Radiomics is a candidate

technique to achieve this. Radiomics uses different automated

feature extraction algorithms to transform medical images to

multi-dimensional advanced quantitative imaging features with

high throughput (11, 12). It can be used to explore inherent

relationships between image features and clinical diagnosis and

symptom presentation. Radiomics was first used in the evaluation

of tumor-like diseases (13, 14), and has recently been applied

to investigate neurodegenerative diseases (15–18) and psychiatric

disorders (19–22).

The T1-weighted MR images are also suitable for radiomics

analysis. Previous studies have reported that radiomics features

of T1-weighted MR images can be used to distinguish mental

disorders such as schizophrenia (19), panic disorder (23),

Parkinson’s disease with depression (24), and temporal lobe

epilepsy (25). Yet, to the best of our knowledge, this technique has

not been used for the detection of anxiety disorders.

In this study, we performed radiomic analysis on the high-

resolution T1-weighted MR images of bilateral amygdala. Using

radiomics features of bilateral amygdala extracted from T1-

weighted MR images, we aim to evaluate their feasibility in

differentiating anxiety disorders and one of its subtypes (i.e., GAD)

from the healthy population.

2. Material and methods

2.1. Dataset

We analyzed dataset from Child Mind Institute Healthy Brain

Network (HBN) (26). The HBN protocol consists of four 3-

h sessions collecting general information, behavioral measures,

diagnostic assessments, and neuroimaging data. Details of the

data acquisition were provided in HBN webpages.1 Psychiatric

diagnoses were assessed and reported by clinicians according to

DSM-5 criteria (27). Among 2,743 subjects in release 1–9 with

T1-weighted MR images, we restricted inclusion to participants

with diagnosis of anxiety disorder. These patients were further

categorized into separation anxiety, specific phobia, GAD, social

anxiety and other specified anxiety disorders. Considering the

sample size, we selected GAD as a typical subtype of anxiety

disorder for our study. After the data quality control (see

“Processing” section), 338 participants with 138 healthy controls

(HC), 200 patients with anxiety disorders (include 103 GAD

patients) were included for further analysis. We randomly sampled

2/3 of the above data into training set and the rest as test set. Feature

selection were performed on the training set, and the test set was

used as independent validation data to avoid data leakage (Table 1).

Note that feature selection, and subsequent machine learning

experiments were performed independently for the Anxiety vs. HC

and GAD vs. HC tasks.

2.2. Processing

Quality control using Computational Anatomy Toolbox

12 (CAT12) (28) was performed on T1-weighted MR images.

CAT 12 includes various image quality control options,

include image resolution, noise, bias field, and weighted

overall image quality. Subjects with weighted overall image

quality scores of “C+” or lower level were excluded. The

remained images were further pre-processed using the standard

FreeSurfer recon-all pipeline (version 6.0.0) (29). A probabilistic

subcortical structure atlas (i.e., aseg atlas) (30) was used to

generate an automated segmentation of bilateral amygdala

in native space. The segmentation results were checked by

visual inspection.

2.3. Radiomics feature extraction

The workflow of our study is shown in Figure 1. PyRadiomics

(version 3.0.1) (31), an open-access Python toolkit, was used to

extract radiomics features. Radiomics features were calculated

using T1-weighted images of left or right amygdala, respectively,

which included 18 first-order statistics features, 14 3D shape-based

features, 24 gray level co-occurrence matrix (GLCM) features,

16 gray level run length matrix (GLRLM) features, 16 gray level

size zone matrix (GLSZM) features, five neighboring gray tone

difference matrix (NGTDM) features and 14 gray level dependence

matrix (GLDM) features (Supplementary Table 7). In specific, the

first-order statistics describes the distribution of voxel intensities

within the image region defined by the mask through commonly

used and basic metrics. 3D shape-based features are descriptors

of the 3D size and shape of the ROI, i.e., amygdala, which

are independent from the gray-level intensity distribution in the

ROI. GLCM obtains the co-occurrence matrix by counting the

1 http://fcon_1000.projects.nitrc.org/indi/cmi_healthy_brain_network
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probability of the occurrence of pixel pairs in different directions

and displacement vectors. It describes the complexity of the lesion,

the level variation, and the degree of texture thickness (32, 33).

GLRLM obtains the length matrix by calculating the probability

of the pixels appearing repeatedly in succession with different

directions and displacement vectors, and describes the complexity

of the lesion, the level variation and the degree of texture thickness

(34). GLSZM quantifies gray level zones in an image (a gray level

zone is defined as the number of connected voxels that share the

same gray level intensity) (35). NGTDM quantifies the difference

between a gray value and the average gray value of its neighbors

(36). LDM quantifies gray level dependencies in an image (a gray

level dependency is defined as the number of connected voxels that

are dependent on the center voxel) (37).

2.4. Statistical analysis

2.4.1. Feature selection
The range of radiomics features were rescaled via z-

score normalization. Feature selection was performed on the

training dataset from the left and right amygdala, respectively,

using the least absolute shrinkage and selection operator

(LASSO) regression model with 10-fold cross-validation

(Figure 2).

2.4.2. General linear model
Group differences regarding the selected features were

tested on the test data. Age, gender and total intracranial

volume (TIV) information were also modeled into the

GLM. In addition, the volume of the amygdala was also

involved in group-wise comparison as a reference to assess

the effect of radiomics features. The p-values were corrected

using Benjamini-Hochberg false discovery rate (FDR)

correction method. Further Cohen’s d (38) was used to

measure the effect size of the difference between patients and

HC groups.

2.4.3. Machine learning
Further, linear kernel support vector machine (SVM) (39), a

classic machine learning model was used to classify the diagnostic

groups. In addition, to verify the performance of radiomics features

on different machine learning algorithms, we also used four other

effective algorithms, including Radial Basis Function (RBF) kernel

SVM, random forest (40), extreme gradient boosting (XGBoost)

(41), and Gradient Boosting Decision Tree (GBDT) (42). Details

of the parameters of the above algorithms are shown in Table 2.

For the radiomics features and volume metric, we also further

tried to train models by combining features from the left and

right amygdala to verify whether such operation could improve

the classification performance. In specific, we used 5-fold cross-

validation approach for model validation, and models were trained

and tested using the abovementioned selected radiomics features.

The model performance was evaluated by the area under curve

(AUC) of the receiver operator curve (ROC) for the classification of

diagnostic groups.
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FIGURE 1

The workflow of this study.

FIGURE 2

Bilateral amygdala radiomics feature coe�cients-lambda graph of the LASSO dimensionality reduction of di�erent tasks. (A) Left amygdala features

in Anxiety disorder vs. HC task; (B) right amygdala features in Anxiety disorder vs. HC task; (C) left amygdala features in GAD vs. HC task; (D) right

amygdala features in GAD vs. HC task.
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TABLE 2 Details of the parameters of the used machine learning

algorithms.

Algorithm Parameter name Parameter setting

Linear kernel SVM C 1

Kernel Linear kernel

Tolerance 1e-3

RBF kernel SVM C 1

Kernel RBF kernel

Tolerance 1e-3

Random forest Estimators number 100

Criterion Gini index

Minimal sample split 2

Minimal samples leaf 1

XGBoost Base score 0.5

Gamma 0

Learning rate 0.1

Maximum depth 10

Estimators number 100

GBDT Loss Deviance

Learning rate 0.1

Estimators number 100

Criterion Friedman mean squared

error

SVM, support vector machine; RBF, Radial basis function; XGBoost, extreme gradient

boosting; GBDT, Gradient boosting decision tree (GBDT).

3. Results

3.1. Anxiety disorder vs. HC radiomics
feature analysis

Using 10-fold LASSO regression model, we selected 2-

dimensional features (i.e., small dependence emphasis and small

dependence high gray level emphasis) for the left amygdala,

and 4-dimensional features (i.e., maximum 2D diameter column,

interquartile range, small dependence emphasis, and gray level

non-uniformity normalized) for the right amygdala.

3.2. Anxiety disorder vs. HC radiomics
feature group-wise comparison

For left amygdala, results of group-wise comparison reveals that

there were significant differences between anxiety disorder patients

and HC group on two selected radiomics features (Figure 3A). As

a comparison, no significant difference in left amygdala volume

was found between anxiety disorder patients and HC group.

The absolute values of the effect sizes of the two radiomics

features were also larger than the amygdala volume. For the right

amygdala, three radiomics features (i.e., interquartile range, small

dependence emphasis, and gray level non-uniformity normalized)

and amygdala volume were significantly different between anxiety

disorder patients and HC group, and results of the interquartile

range and small dependence emphasis was more significant

than amygdala volume in group-wise comparison (Figure 3B). In

addition, the values of the effect size of the interquartile range, small

dependence emphasis, and gray level non-uniformity normalized

were also larger than the amygdala volume (Table 3).

3.3. Anxiety disorder vs. HC classification

Results of cross-validation experiments showed that

the linear kernel SVM models trained separately using

selected left/right amygdala radiomics features achieved the

classification of anxiety disorder vs. HC. Specifically, SVM

trained using two-dimension left amygdala radiomics features

achieved classification AUC of 0.6739, and the SVM model

trained using four-dimension right amygdala radiomics

features achieved classification AUC of 0.6403 (Figures 4A, B,

Supplementary Tables 1, 2). For the left/right amygdala, the

classification performance of various machine learning algorithms

trained with radiomics features were higher than the performance

of classifiers trained with amygdala volume (Figures 4A, B, D, E,

Supplementary Tables 1–4). Combining features from the left and

right amygdala to train machine learning models did not result in

a significant improvement in classification performance, but the

performance of machine learning models trained by combining

radiomics features were still higher than the performance of

models trained by combining volume metrics (Figures 4C, F,

Supplementary Tables 5, 6).

3.4. GAD vs. HC radiomics feature analysis

7-dimensional features (i.e., maximum 2D diameter column,

mean absolute deviation, cluster prominence, cluster tendency,

small dependence high gray level emphasis, short run high gray

level emphasis, and small area high gray level emphasis) for

the left amygdala, and three-dimensional features (i.e., maximum

2D diameter column, interquartile range, and cluster tendency)

for the right amygdala were selected using 10-fold LASSO

regression model.

3.5. GAD vs. HC radiomics feature
group-wise comparison

For left amygdala, results of group-wise comparison reveals that

there were significant differences between anxiety disorder patients

and HC group on 4 selected radiomics features (i.e., mean absolute

deviation, small dependence high gray level emphasis, short run

high gray level emphasis, and small area high gray level emphasis)

(Figure 5A). As a comparison, no significant difference in left

amygdala volume was found between anxiety disorder patients and

HC group. The absolute values of the effect sizes of five radiomics

features (i.e., mean absolute deviation, cluster prominence, small

dependence high gray level emphasis, short run high gray level

emphasis, and small area high gray level emphasis) were also larger
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FIGURE 3

Feature distribution and group-wise comparison results on selected radiomics features of Anxiety disorder vs. HC task. (A) Results of left amygdala

radiomics features; (B) results of right amygdala radiomics features. Points are outliers in the box plot. NS, not significant; *p ≤ 0.05; **p ≤ 0.01; ***p

≤ 0.001; ****p ≤ 0.0001.

than the amygdala volume. For the right amygdala, two radiomics

features (i.e., maximum 2D diameter column, and interquartile

range) and amygdala volume were significantly different between

anxiety disorder patients and HC group (Figure 5B). In addition,

the value of the effect size of the interquartile range was larger than

the amygdala volume (Table 4).

3.6. GAD vs. HC classification

Results showed that the SVM models trained separately

using selected left/right amygdala radiomics features achieved

the classification of anxiety disorder vs. HC. Specifically, SVM

trained using seven-dimension left amygdala radiomics features

achieved classification AUC of 0.6755, and the SVM model

trained using three-dimension right amygdala radiomics features

achieved classification AUC of 0.6966, which were higher than

the performance of classifiers trained with amygdala volume

(Figures 6A, B, D, E, Supplementary Tables 1–4). Combining

features from the left and right amygdala to train machine learning

models did not result in a significant improvement in classification

performance, but the performance of machine learning models

trained by combining radiomics features were still higher than

the performance of models trained by combining volume metrics

(Figures 6C, F, Supplementary Tables 5, 6).

4. Discussion

Our study indicated that patients with anxiety disorders and

GAD showed abnormalities in the left/right amygdala radiomics

features compared with the HC group. Group-wise comparison

revealed that abnormalities of some radiomics features were more

TABLE 3 E�ect sizes of selected radiomics features and bilateral

amygdala volume in anxiety disorder vs. HC task.

Hemisphere Feature
class

Feature
name

E�ect size

Left Volume Amygdala volume 0.3392

GLDM Small dependence

emphasis

0.7587

Small dependence

high gray level

emphasis

0.9016

Right Volume Amygdala volume 0.42

3D shape Maximum 2D

diameter column

0.3146

First order Interquartile range 0.6028

GLDM Small dependence

emphasis

0.8085

GLRLM Gray level

non-uniformity

normalized

0.4667

significant than amygdala volume. Our study is a prospective

research to evaluate the feasibility of differentiating anxiety

disorders and one of its subtypes (i.e., GAD) from the healthy

population using radiomics features of bilateral amygdala extracted

from T1-weighted MR images.

Radiomics analysis has been applied to some neural psychiatric

disorders. A study has found that radiomics features extracted

from the hippocampus structure reflect high-order imaging

patterns and heterogeneity characteristics of microstructure in

hippocampus in AD patients (43). A radiomics study of autism

spectrum disorder has found significant differences in the texture
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FIGURE 4

Cross-validation ROC curves of linear kernel SVM model of Anxiety disorder vs. HC classification task. (A) Model trained using left amygdala

radiomics features, (B) model trained using right amygdala radiomics features, (C) model trained using bilateral amygdala radiomics features, (D)

model trained using left amygdala volume, (E) model trained using right amygdala volume, and (F) model trained using bilateral amygdala volume.

FIGURE 5

Feature distribution and group-wise comparison results on selected radiomics features of GAD vs. HC task. (A) Results of left amygdala radiomics

features and (B) results of right amygdala radiomics features. Points are outliers in the box plot. ns: not significant; *: p-value ≤ 0.05; **: p-value ≤

0.01.

features in the right hippocampus, corpus callosum, cerebellar

white matter, and left choroid plexus between patients and

controls (44). However, radiomics studies of anxiety disorder and

its subtypes using T1-weighted structural MR images are still

lacking. Structural MR imaging studies have revealed alterations

in the volume of the amygdala in patients with anxiety disorder

and its subtypes (6–9). In our study, we used radiomics

technique to further analyze the abnormalities of the amygdala
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TABLE 4 E�ect sizes of selected radiomics features and bilateral

amygdala volume in GAD vs. HC task.

Hemisphere Feature
class

Feature
name

E�ect size

Left Volume Amygdala volume 0.4783

3D shape Maximum 2D

diameter column

0.4421

First order Mean absolute

deviation

0.9455

GLCM Cluster

prominence

0.5997

Cluster tendency 0.2273

GLDM Small dependence

high gray level

emphasis

0.9212

GLRLM Short run high gray

level emphasis

0.801

GLSZM Small area high

gray level emphasis

0.7675

Right Volume Amygdala volume 0.6312

3D shape Maximum 2D

diameter column

0.5661

First order Interquartile range 0.757

GLCM Cluster tendency 0.1039

in anxiety disorders and its subtype (i.e., GAD). Radiomics

features selected by LASSO regression model reflect the gray value

distribution, spatial heterogeneity, texture characteristics and other

microstructural information.

For anxiety disorders, there were 2 selected radiomics features

of left amygdala, i.e., small dependence emphasis and small

dependence high gray level emphasis are GLDM parameters.

According to existing study (37), gray level dependency is defined

as the number of connected voxels that are dependent on the

center voxel, and small dependence emphasis is a measure of the

distribution of small dependencies, with a lower value indicative

of greater dependence and more homogeneous textures of left

amygdala of anxiety disorder patients compared with HC group.

Small dependence high gray level emphasis measures the joint

distribution of small dependence with higher gray-level values, with

a lower value indicating a smaller concentration of high gray-level

values in the image. For right amygdala, there were 4 selected

radiomics features, including maximum 2D diameter column,

interquartile range, small dependence emphasis, and gray level

non-uniformity normalized. Maximum 2D diameter (Column) is

defined as the largest pairwise Euclidean distance between ROI

surface mesh vertices in the row-slice (usually the coronal) plane.

Interquartile range is defined as difference between 25th and 75th

percentile of the gray level intensity within the ROI. Gray level

non-uniformity normalized measures the variability of gray-level

intensity values in the image, with a greater value indicating a

smaller similarity in intensity values. The above features indicate

structural and textural heterogeneity in the right amygdala in

patients with anxiety disorder.

For GAD, seven radiomics features of left amygdala were

selected, including maximum 2D diameter column, mean absolute

deviation, cluster prominence, cluster tendency, small dependence

high gray level emphasis, short run high gray level emphasis, and

small area high gray level emphasis. Mean absolute deviation is

the mean distance of all intensity values from the mean value of

the gray level intensity values within the ROI. Cluster prominence

and cluster tendency are GLCM parameters (32). A lower values

of cluster prominence implies less asymmetry of the GLCM, and

cluster tendency is a measure of groupings of voxels with similar

gray-level values. Short run high gray level emphasis measures

the joint distribution of shorter run lengths with higher gray-level

values (34), with a lower value indicating a smaller concentration

of high gray-level values in the image. Small area high gray

level emphasis measures the proportion in the image of the joint

distribution of smaller size zones with higher gray-level values, with

a lower value indicating a smaller proportion of higher gray-level

values of small size zone in the image (35). For right amygdala,

there were 3 selected features, i.e., maximum 2D diameter column,

interquartile range, and cluster tendency. These features extracted

from the left/right amygdala structure reflect high-order imaging

patterns and heterogeneity characteristics of microstructure in

amygdala in GAD patients.

It is worth noting that significant results in group-wise

comparison were not observed on some LASSO-selected radiomics

features (e.g., maximum 2D diameter column of right amygdala

and cluster tendency of bilateral amygdala). As a machine

learning method, LASSO integrates each feature dimension to

assess feature importance, while the statistical method of group-

wise comparison performs hypothesis testing independently for a

specific feature dimension. Therefore, the possible reason for the

above experimental results is that certain features that do not differ

significantly between patients and healthy people are important

for the machine learning task. The above reason can also explain

the experimental results related to volume metrics. Although right

amygdala volume was significantly different in both Anxiety vs. HC

and GAD vs. HC group comparisons (Figures 3B, 5B), satisfactory

classification results could not be obtained from machine learning

classifiers that trained using right amygdala volume (Figures 4E,

6F, Supplementary Tables 4, 6). This may due to the fact that such

differences may not necessarily valid for training machine learning

models, e.g., SVM.

Existing studies have used radiomics features for machine

learning-based neuropsychiatric disorders classification. A study

(20) identified 30 radiomics features of corpus callosum to

differentiate participants with schizophrenia from HCs using

Bayesian optimized model. Another study (45) used texture

features based on GLCM to separate autism spectrum disorder

and development control subjects using SVM and random forest

classifiers. In a recent study (46), logistic regression analysis

was performed to build classification models based on amygdala

radiomics features for Alzheimer’s disease and amnestic mild

cognitive impairment, and achieved an AUC of 0.93 for AD vs.

NC classification, an AUC of 0.84 for AD vs. aMCI classification,

and an AUC of 0.80 for aMCI vs. NC classification. However,

there are still lack of studies on radiomics-based anxiety disorder-

related classification. In our study, SVM classification experiments

have demonstrated that selected radiomics features of the left/right

amygdala can be used to separate patients with anxiety disorder and

GAD from HC group, and using radiomics features of amygdala
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FIGURE 6

Cross-validation ROC curves of linear kernel SVM model of GAD vs. HC classification task. (A) Model trained using left amygdala radiomics features;

(B) model trained using right amygdala radiomics features; (C) model trained using bilateral amygdala radiomics features; (D) model trained using left

amygdala volume; (E) model trained using right amygdala volume; (F) model trained using bilateral amygdala volume.

for classification is better than using amygdala volume. In addition,

for both anxiety disorder vs. HC and GAD vs. HC classification

tasks, SVM classifiers trained using radiomics features of left

amygdala achieved higher AUC than that of right amygdala,

which implies that the microstructural changes associated with

anxiety are greater in the left amygdala compared with the

right amygdala.

Exist studies have revealed alterations in the volume of the

amygdala in patients with anxiety disorder and its subtypes.

Research on amygdala subregional structure suggests that

microstructural information of amygdala is also associated with

anxiety-related disorders (10). Radiomics features could reflect

high-order imaging patterns and heterogeneity characteristics of

microstructure in bilateral amygdala. According to group-wise

comparison experiments, the differences between patients

and HC group in most selected radiomics features were

more significant than the amygdala volume. In addition, the

absolute values of the effect sizes of most selected radiomics

features were larger than the amygdala volume. Our study

suggests bilateral amygdala radiomics features could serve

as more effective neuroimaging biomarkers, compared with

amygdala volume, for identifying patients with anxiety disorders

and GAD.

There were several limitations in our study. Firstly, there

are many subtypes of anxiety disorder, including social anxiety,

separation anxiety, etc. Limited by sample size, only GAD was

selected as an example for anxiety disorder subtype in our study.

Secondly, a complete 1:1 match in age, sex and site ratio had

not been achieved. In future works, we will collect data of other

anxiety disorder subtypes scanned from multiple scanners, and

further evaluate relationship between amygdala radiomics features

and behavioral information.

In summary, our study observed that compared with amygdala

volume, bilateral amygdala radiomics features could serve as

more effective neuroimaging biomarkers for identifying patients

with anxiety disorders and GAD. Moreover, we used machine

learning method to evaluate the feasibility of differentiating

patients of anxiety disorders and GAD from the healthy people

using radiomics features of bilateral amygdala extracted from T1-

weighted MR images, thus providing effective biomarkers for the

clinical diagnosis of anxiety disorders.
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Introduction: Despite the previous inconsistent findings of structural and

functional abnormalities of the thalamus in patients with major depressive

disorder (MDD), the disruption of the thalamic nuclei in the pathophysiology of

this disorder has not yet been adequately studied. Therefore, we investigated

the volumetric changes of thalamic subregions and their nuclei in drug-naïve,

first-episode MDD patients. We also investigated the association between HAM-

D scores, a clinical scale frequently used to evaluate the severity of depression

and thalamic nuclei volumes in MDD patients.

Methods: This study included 76 drug-naïve MDD patients and an equal number

of healthy subjects. Magnetic resonance imaging (MRI) data were obtained using

a 3T MR system and thalamic nuclei volumes were evaluated using FreeSurfer

ver.7.11. The volumetric differences were compared by one-way analysis of

covariance (ANCOVA) and to ensure that effects were not accounted for by other

factors, age, sex, and ETICV variables were included as covariates.

Results: We observed significant volume reductions of the left whole thalamus

(p < 0.003) and several thalamic nuclei mostly on the left side in the MDD group

compared with healthy controls (HCs). Furthermore, we have revealed weak

negative correlations between several thalamic nuclei volumes and HAM-D total

and subscale scores.

Discussion: This is the first research study to investigate alterations of the various

thalamic nuclei volumes in MDD patients compared with HCs. Moreover, we

first analyzed the association between individual thalamic nuclei volumes and

HAM-D subscale scores. Though our study may be restricted at certain levels,

especially by the demographic difference between the two groups, they possibly

contribute at a preliminary level to understanding the thalamic structural changes

at its subregions in patients with drug-naïve, first-episode MDD.

KEYWORDS

major depressive disorder, thalamus, thalamic nuclei volumes, subregional difference,
structural MRI
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1. Introduction

Major depressive disorder (MDD) is a highly devitalizing
mental disease that is common, with a high lifetime prevalence
of approximately 15–20% (1). Patients with MDD are bothered
by irritable and empty feelings, loss of pleasure or interest,
impaired cognitive function, and, most importantly, thoughts of
death or suicide (2). Specific structural alterations in brain regions
and circuits, including the cortico-striato-thalamo-cortical (CSTC)
circuit, have been reported as pathophysiological models of MDD
that explain impairments in emotional and cognitive processes
(3, 4). Among the brain regions that show deterioration and
involvement in the circuit, the thalamus has been a prominent
topic because of its extensive connections with other areas and
its critical roles in cognitive impairment (5, 6). Although the
thalamus is formed into functionally segregated nuclei, each with
distinct anatomical locations and physiological functions (7–9),
disruption of the thalamic nuclei in MDD patients has not yet been
adequately studied.

Recent structural magnetic resonance imaging (MRI) studies
have revealed inconsistent findings regarding the thalamic
structure in patients with first-episode MDD. While most of the
studies have shown a reduced volume in the bilateral thalami (10–
14) or the left thalamus (15, 16), other meta-analyses observed
increased thalamic volumes in patients with MDD (17, 18). As
a volumetric change in the whole thalamus does not inform us
about the functional significance of the cognitive and emotional
processes underlying the pathophysiology of MDD, only one study
has investigated thalamic subregions in the context of MDD. Choi
et al. reported contractions in the medial and lateral nuclei in
participants with MDD compared with participants in the control
group (19). However, a more comprehensive segmentation study
of the thalamus is required to identify the potential role of specific
thalamic nuclei in the pathophysiology of MDD. Determining
whether specific nuclei primarily drive thalamic differences could
pinpoint specific circuits more affected in MDD, providing a
potential avenue for targeted treatment strategies.

In vivo estimation of thalamic nuclei volumes could be
challenging because of the limited contrast of most structural MRI
images, which affects the accurate delineation of the internuclear
borders. However, recent advances in automated thalamic
segmentation have allowed unbiased large-scale volumetric
analysis of individual nuclei. For instance, a probabilistic atlas
presented by Iglesias et al. (20) enabled automatic segmentation
of the thalamus into 25 specific nuclei using ex vivo brain MRI,
histological data, and an in vivo MRI segmentation atlas.

In the present study, we applied this method to investigate
volumetric differences in six different thalamic subregions
(anterior, lateral, ventral, intralaminar, medial, and posterior)
between drug-naïve patients with MDD in their first episode
and healthy controls (HCs). We also investigated the association
between HAMD-17 scores, a clinical scale frequently used to
evaluate the severity of depression, and thalamic nuclei volumes
in patients with MDD. As this is the first study of volumetric
differences within various nuclei of the thalamus in the context of
MDD and all nuclei can be potentially relevant from a functional
perspective, we did not postulate an a priori hypothesis regarding
which nuclei show differences.

2. Materials and methods

2.1. Participants

Seventy-six drug-naïve MDD patients (34 males, 42 females)
and seventy-six healthy subjects (50 males, 26 females) participated
in this study (Table 1). All patients with MDD were recruited from
the inpatient and outpatient clinics of the Department of Psychiatry
at the University of Occupational and Environmental Health
(UOEH) Hospital, according to the following criteria: (1) newly
diagnosed with MDD based on standard criteria of the Diagnostic
and Statistical Manual of Mental Disorders–5 (DSM-V); (2) scored
equal to or more than 14 on the 17-items Hamilton Rating Scale
for Depression (HAMD-17); (3) did not use antidepressants or
other psychiatric drugs; and (4) had no previous history of medical
illness, neurological, or psychiatric disorders. Healthy subjects were
recruited from the community through advertisements according
to the following criteria: (1) had never been diagnosed with
any psychiatric disorders according to the Structured Clinical
Interview for DSM Disorders (SCID), and (2) had no family
history of a serious medical or neuropsychiatric disorder among
their first-degree relatives. All participants provided written
informed consent after the study procedure was explained. The
study protocol was approved by the Ethics Committee of the
UOEH and was conducted in accordance with the Declaration of
Helsinki.

2.2. Hamilton rating scale for depression

Hamilton Rating Scale for Depression HAMD-17 items were
divided into the following subcategories: core (items 1, 2, 7, 8, 10,
and 13), sleep (items 4 and 6), activity (items 7 and 8), psychic
(items 9 and 10), and somatic anxiety (items 11 and 13), similar
to our previous work (21, 22).

TABLE 1 Demographic and clinical characteristics of patients with MDD
and healthy controls.

Characteristics Patients with
MDD (n = 76)

Healthy controls
(n = 76)

Age 53.71 17.07 35.66 ± 12.07

Gender

Male (n, %) 34 (44.74%) 50 (65.79%)

Female (n, %) 42 (55.26%) 26 (34.21%)

ETICV (mm3
± SD) 15.21 105

± 1.74 105 15.89 105
± 1.36 105

HAMD-17 total score 22.45 6.283 –

HAMD-17 subscale score

Core (0–22) 10.18 ± 3.56 –

Sleep (0–4) 2.43 ± 1.13 –

Activity (0–8) 3.82 ± 1.51 –

Psychic (0–8) 2.78 ± 1.28 –

Anxiety (0–6) 2.71 ± 1.20 –

Values represent the mean ± SD unless otherwise stated. MDD, major depressive
disorder; ETICV, estimated total intracranial cavity volume; HAMD-17, 17 items hamilton
depression rating scale.
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2.3. Structural MRI acquisition

Magnetic resonance imaging data were obtained using a 3T
MR system (Signa EXCITE 3T; GE Healthcare, Waukesha, WI,
USA) with an 8-channel brain phased-array coil. Images were
acquired using three-dimensional fast-spoiled gradient-recalled
acquisition (3D-FSPGR). The acquisition parameters were as
follows: repetition time/echo time, 10/4.1 msec; flip angle, 10◦; field
of view, 24 cm; resolution, 0.9 mm × 0.9 mm × 1.2 mm. All images
were corrected for image distortion due to gradient non-linearity
using the “Grad Warp” software program (23).

2.4. Image processing (thalamic
segmentation)

FreeSurfer ver.7.11 (24) was used to evaluate the volume of
thalamic subregions. This fully automated segmentation technique
for thalamic nuclei is based on a prior probabilistic atlas and
a Bayesian modeling approach (20). The bilateral thalami were
generated in each subject for 25 nuclei in six different regions
(Figure 1) and the whole thalamus. The left and right substructures
were analyzed separately. Furthermore, the estimated intracranial
volume was also calculated using “Aseg segmentation.”

2.5. Statistical analyses

All statistical analyses were performed using IBM SPSS
Statistics (version 26.0; SPSS Inc., Chicago, IL, USA). We
performed independent t-tests and x2 tests to compare the

demographic and clinical data between patients with MDD and
HCs. To investigate the volumetric differences, a one-way analysis
of covariance (ANCOVA) was used to ensure that the effects
were not accounted for by other factors; age, sex, and ETICV
variables were included as covariates. The assumptions of normal
distribution, linearity, and homogeneity of variance were tested and
verified. The Bonferroni’s correction method was used for multiple
comparisons. To examine the association between thalamic nuclei
volumes and HAMD-17 scores, we performed a partial correlation
analysis with age, sex, and ETICV as covariates. Results were
considered statistically significant at p < 0.05.

3. Results

3.1. Demographic and clinical data

The demographic and clinical characteristics of patients with
MDD and HCs are shown in Table 1. Significant differences
(p < 0.05) were observed between the groups in age, sex, and
estimated total intracranial volume (ETICV). However, these
variables were used as covariates to eliminate their effects in further
analyses. Table 1 also showed HAM-D total and subscale scores in
the MDD group. Notably, all patients with MDD were in the first
episode and were medication-free.

3.2. Volumetric analysis

Table 2 shows the thalamic volume as a whole and the
individual nuclei. The right thalamic volume was not different

FIGURE 1

Segmentation of the thalamic nuclei. The example of probabilistic segmentation (not all segmentations are shown) of the thalamus generated by
FreeSurfer ver.7.11 (23). Anterior region: AV, anteroventral. Intralaminar region: CeM, central medial; CM, centromedian; Pf, Parafascicular; medial
region: MDI, mediodorsal lateral parvocellular; MDm, mediodorsal medial magnocellular; MV-re, medial ventral reuniens; Pt, paratenial. Posterior
region: MGN, medial geniculate; PuA, pulvinar anterior; PuI, pulvinar inferior; PuL, pulvinar lateral; PuM, pulvinar medial. Ventral region: VA, ventral
anterior; VAmc, ventral anterior magnocellular; VLa, ventral lateral anterior; VLp, ventral lateral posterior; VM, ventromedial; VPL, ventral
posterolateral.
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TABLE 2 Differences in thalamic nuclei volumes between patients with MDD and healthy control.

Thalamic nucleus Patients with MDD (n = 76) Healthy controls (n = 76) F p-value

Mean, mm3 SD, mm3 Mean, mm3 SD, mm3

Left whole thalamus 6425.39 865.44 7293.72 795.60 8.91 0.003*

Right whole thalamus 6493.89 805.46 7170.51 747.52 2.88 0.092

Anterior

Left-AV 137.96 23.19 151.09 24.50 2.73 0.101

Right-AV 145.07 26.32 158.22 25.36 3.10 0.080

Lateral

Left-LD 24.31 7.47 32.71 8.04 13.84 <0.001*

Right-LD 28.44 8.57 33.91 8.60 1.69 0.195

Left-LP 124.01 24.66 141.73 19.73 3.09 0.081

Right-LP 117.41 24.75 134.81 20.77 2.63 0.107

Ventral

Left-VA 404.61 68.30 449.40 61.21 2.44 0.121

Right-VA 377.08 60.65 421.18 54.23 1.97 0.162

Left-VAmc 31.89 5.93 36.36 4.83 5.05 0.026*

Right-VAmc 32.16 5.73 36.01 4.67 1.40 0.238

Left-VLa 636.55 103.85 701.07 90.93 3.37 0.069

Right-VLa 612.95 96.15 672.73 88.98 1.34 0.248

Left-VLp 835.66 126.17 922.67 112.70 4.66 0.033*

Right-VLp 799.73 118.25 882.43 111.00 2.04 0.155

Left-VPL 892.78 142.20 984.15 137.13 4.51 0.035*

Right-VPL 844.68 127.75 935.08 127.83 2.55 0.112

Left-VM 23.57 3.93 26.51 3.93 5.49 0.020*

Right-VM 22.71 3.71 25.01 3.55 1.19 0.278

Intralaminar

Left-CeM 66.41 13.52 73.25 12.26 1.34 0.249

Right-CeM 70.38 14.87 75.53 11.52 0.32 0.572

Left-CL 38.84 8.04 45.76 9.20 4.84 0.029*

Right-CL 40.96 9.48 46.35 10.92 0.85 0.359

Left-Pc 3.54 0.61 4.07 0.57 6.20 0.014*

Right-Pc 3.84 0.69 4.47 0.63 4.69 0.032*

Left-CM 250.08 44.34 279.85 40.62 4.31 0.040*

Right-CM 241.02 39.88 264.69 41.00 1.19 0.276

Left-Pf 59.70 11.09 67.40 10.21 3.18 0.077

Right-Pf 61.66 12.35 67.57 13.85 0.95 0.332

Medial

Left-Pt 7.44 1.13 8.13 1.16 4.88 0.029*

Right-Pt 7.35 1.13 8.08 1.05 2.34 0.128

Left-MV-re 11.64 3.30 13.77 3.24 1.28 0.260

Right-Mv-re 11.92 3.71 13.79 3.40 0.14 0.706

Left-MDm 678.72 153.81 828.76 119.61 6.39 0.013*

Right-MDm 683.59 130.05 814.32 129.87 4.09 0.045*

Left-MDI 242.05 48.06 292.95 45.27 6.48 0.012*

Right-MDI 247.92 50.93 291.45 52.47 1.81 0.181

(Continued)
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TABLE 2 (Continued)

Thalamic nucleus Patients with MDD (n = 76) Healthy controls (n = 76) F p-value

Mean, mm3 SD, mm3 Mean, mm3 SD, mm3

Posterior

Left-LGN 275.52 55.69 313.47 55.25 5.09 0.026*

Right-LGN 267.60 59.66 304.56 53.34 2.29 0.132

Left-MGN 118.09 22.45 126.93 21.94 0.00 0.989

Right-MGN 120.01 25.67 128.33 23.17 0.04 0.841

Left-L-Sg 24.70 7.74 28.56 7.36 0.10 0.749

Right-L-Sg 19.76 7.44 23.17 8.03 1.24 0.267

Left-PuA 184.25 32.09 215.47 34.22 5.57 0.020*

Right-PuA 200.68 29.13 218.36 24.58 0.11 0.739

Left-PuM 939.24 169.40 1087.96 195.19 3.52 0.062

Right-PuM 1062.58 156.02 1135.65 146.29 0.00 0.947

Left-PuL 192.74 38.20 213.04 45.61 4.28 0.040*

Right-PuL 219.68 46.29 215.71 49.36 0.13 0.717

Left-PuI 221.10 46.93 248.66 53.71 2.20 0.140

Right-PuI 254.70 49.88 259.09 53.25 0.03 0.873

AV, anteroventral; LD, laterodorsal; LP, lateral posterior; VA, ventral anterior; VAmc, ventral anterior magnocellular; VLa, ventral lateral anterior; VLp, ventral lateral posterior; VPL, ventral
posterolateral; VM, ventromedial; CeM, central medial, CL, central lateral; Pc, paracentral; CM, centromedian; Pf, parafascicular; Pt, paratenial; MV-re, medial ventral reuniens; MDm,
mediodorsal medial magnocellular; MDI, mediodorsal lateral parvocellular; LGN, lateral geniculate; MGN, medial geniculate; L-Sg, limitans suprageniculate; PuA, pulvinar anterior; PuM,
pulvinar medial; PuL, pulvinar lateral; PuI, pulvinar Inferior. The F and p-values were obtained using a one-way analysis of covariance (ANCOVA) adjusted for age, sex, and estimated total
intracranial cavity volume (ETICV) as covariates. The Bonferroni’s correction was applied, *p < 0.05.

between the two groups of patients with MDD and HCs; in
contrast, the left thalamus was significantly different (p < 0.003).
Regarding individual nuclei, significant differences were detected
in 16 nuclei belonging to five regions, including the lateral, ventral,
intralaminar, medial, and posterior regions, in which we found
volume reductions in patients with MDD. Intergroup volumetric
changes showing significance are summarized in Figures 2, 3. We
found a significant bilateral volumetric decrease in the Pc nuclei
of the intralaminar regions (L: p = 0.01; R: p = 0.03) and MDm
nuclei of the medial regions (L: p = 0.01; R: p = 0.05). We also
observed significant volumetric reductions in several nuclei of the
left thalamus. Specifically, Left-LD (p < 0.001) in the lateral region,
left VAmc (p = 0.03), left VLp (p = 0.03), left VPL (p = 0.04), and
left VM (p = 0.02) in the ventral region, left CL (p = 0.03), left CM
(p = 0.04) in the intralaminar region, left Pt (p = 0.03), and left
MDI (p = 0.01) in the medial region. Last of all, left-LGN (p = 0.03),
left-PuA (p = 0.02), and left-PuL (p = 0.04) in the posterior region.

3.3. Correlation analysis

The results of partial correlation analyses between affected
nuclei volume and depression severity, as assessed by the HAMD-
17 score, are shown in Figure 4. We found that the HAMD-17
total score was negatively correlated with the volume of the left
thalamus (r = −0.232, p = 0.05), VAmc (L: r = −0.262, p = 0.03),
and PuA (r = –0.241, p = 0.04) in the left thalamus, and Pc
(r = −0.293, p = 0.01) in the right thalamus. Moreover, we assessed
the relationship between affected nuclei and HAMD-17 subscale
scores. Only three nuclei showed a negative correlation. The right

Pc was correlated with the core score (r = −0.267, p = 0.02), and
the left-PuA was associated with the core (r = −0.243, p = 0.04) and
activity scores (r = −0.247, p = 0.04). Interestingly, only the right-
MDm was negatively correlated with core (r = −0.270, p = 0.02),
sleep (r = −0.274, p = 0.02), activity (r = −0.309, p = 0.01), and
anxiety (r = −0.306, p = 0.01) scores.

4. Discussion

In the present study, volumetric changes in various nuclei in
six different regions of the bilateral thalami were investigated in
medication-free, first-episode MDD patients relative to HCs. We
observed significant volume reductions in the left thalamus and
several thalamic nuclei, mainly on the left side, in the MDD group.
Furthermore, we revealed weak negative correlations between
several thalamic nuclei volumes and the HAMD-17 total and
subscale scores.

As emerging perspectives on the thalamus and its role in the
neuropathology of depression, several studies have investigated
thalamic volume in patients with MDD. Following the earliest study
that reported significant bilateral thalamic volume reduction in
female subjects diagnosed with MDD (10), assorted studies have
confirmed this result in different subjects with MDD (11–14, 19),
including older adults (10, 14), patients with mild symptoms (13),
and drug naïve MDD patients (19). In this study, we found thalamic
volume contraction only on the left side, which is consistent
with some volumetric studies in recent years (15, 16). However,
these studies have several limitations compared to our research.
They analyzed the thalamus as a whole or segmented it into
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FIGURE 2

Schematic figure of the altered thalamic nuclei. Schematic illustration of altered thalamic nuclei. The nuclei in the red represent the significant
volume alteration in patients with MDD as compared with HCs. The figure shows the left thalamic nuclei are significantly reduced compared with
the right thalamic nuclei. AV, anteroventral; LD, laterodorsal; LP, lateral posterior; VA, ventral anterior; VAmc, ventral anterior magnocellular; VLa,
ventral lateral anterior; VLp, ventral lateral posterior; VPL, ventral posterolateral; VM, ventromedial; CeM, central medial, CL, central lateral; Pc,
paracentral; CM, centromedian; Pf, parafascicular; Pt, paratenial; MV-re, medial ventral reuniens; MDm, mediodorsal medial magnocellular; MDI,
mediodorsal lateral parvocellular; LGN, lateral geniculate; MGN, medial geniculate; L-Sg, limitans suprageniculate; PuA, pulvinar anterior; PuM,
pulvinar medial; PuL, pulvinar lateral; PuI, pulvinar inferior.

subregions while we investigated the alterations of 25 individual
thalamic nuclei volumes. Even so, previous meta-analyses that
enrolled drug-naïve MDD patients revealed significantly increased
gray matter volume in the thalamus (17, 18), contradictory to
our findings. All participants with MDD in our study were
medication-free, and in their first episode, like those in the meta-
analyses, their average age was higher (53.7) compared with
MDD patients in the previous studies. Therefore, these opposing
results of increased volumetric changes in the thalamus may be
specifically related to the patient’s age and could reflect early
thalamic hyperfunction (14).

According to thalamic nuclei functions, some nuclear groups
are known as relay stations. They receive specific and well-defined
motor and sensory information inputs and project them to the

brain cortex. Previous functional studies have reported that the
lateral and ventral nuclei of the thalamus process motor and
somatosensory information and support alertness and arousal in
humans (25–27), as well as in rodents (28). The importance of
the posterior region, especially the LGN, was also reported in a
recent meta-analysis (29). In the present study, we found significant
reductions in LD nuclei in the lateral region, VAmc, VLp, VPL, and
VM nuclei in the ventral region, and LGN in the posterior region
of the left thalamus in patients with MDD compared to HCs. Given
that physical pain and psychomotor retardation or agitation often
present symptoms of MDD (30, 31), we assumed that contractions
in these nuclei could be related to the above-mentioned somatic
symptoms. However, further functional and connectivity studies
are required to provide further insight.
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FIGURE 3

The volumetric differences of thalamic nuclei between MDD patients and HCs. Significant volume differences between groups. p-values were
obtained using a one-way analysis of covariance (ANCOVA) adjusted for age, sex, and estimated total intracranial cavity volume (ETICV) as
covariates. The Bonferroni’s correction was applied, *p < 0.05 and **p < 0.03.
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FIGURE 4

Significant correlations between the affected nuclei volume and HAMD-17 total and subscale scores. The figure represents the correlation between
affected nuclei volume and depression severity, as assessed by the HAMD-17 score.

Intralaminar nuclei, known as “non-specific” nuclei of the
thalamus, seem to be broadly connected with the entire cortex and
globally activate it (32). In the current study, we found that patients

with MDD had significantly decreased intralaminar nuclei of the
CL and CM in the left thalamus and Pc in the bilateral thalamus.
However, it is not clear whether volume reductions in these nuclei
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play a crucial role in MDD, and the concept that intralaminar
nuclei can facilitate some depression symptoms is consistent with
the findings of previous studies indicating that lesions to the
intralaminar nuclei lead to attention diminishment. For example,
Van Der Werf et al. (33) reported that damage to this area elicits
complex attention deficits. Furthermore, other findings detailed
the contribution of rostral intralaminar nuclei, together with CL,
Pc, and CM, to extended cognitive and behavioral functions (34–
36). Relating to the major depression symptoms of insufficient
concentration and indecisiveness, our results of depletion in
rostral intralaminar nuclei, specifically Pc nuclei in the bilateral
thalamus in MDD patients, consistently support prior outcomes,
such as the influence of cognitive processes (37), impairment of
working memory (38), and attentional engagement of sensory
events (35). Thus, our findings suggest that alterations in these
rostral intralaminar nuclei could be related to depression-related
arousal, awareness, and attention deficits in patients with MDD.

Among the thalamus parts that showed differences in patients
with MDD, the medial and pulvinar have been the regions of
interest because of their significant interconnection with the
prefrontal cortex and other subcortical structures. The results of
the study of many neuropsychiatric disorders reported changes in
these regions of the thalamus, particularly in obsessive-compulsive
disorder (OCD) (39, 40), psychosis (41), schizophrenia (42, 43),
and Parkinson’s disease (44). As for depression, few studies have
investigated the structural (19) and functional (45) alterations of
medial and pulvinar regions in MDD patients. Although the results
of these previous studies were consistent with the outcomes of our
research, none of them investigated detailed structural changes in
the different nuclei of the thalamus. In particular, the mediodorsal
(MD) nuclei and pulvinar nuclei (Pu). MD, one of the largest nuclei
of the thalamus, is primarily involved in emotional, cognitive, and
behavioral processing and is often impaired in depression (1). We
found altered MDm, Pt, and MDI nucleus volumes in the current
study. Above all, only the MDm nucleus showed differences on both
sides of the thalamus, whereas the remaining two were on the left
side. Given that the MD nuclei or its medial part physiologically
interact with the prefrontal cortex during cognitive function (46)
and emotion regulation (24), our findings suggest that alterations in
the MD nuclei could be directly related to emotional and behavioral
failure in MDD through involvement in the orbitofrontal circuit.
Indeed, we observed volume reductions in the PuA and PuL nuclei
of the left thalamus. Pu, the largest nuclear mass, is involved
in executive function and emotional processing (47). Moreover,
its circuit with the cortex predicts cognition in many psychiatric
disorders, including schizophrenia (48) and psychosis (41).

Similarly, it showed a positive response to antidepressant
treatment (49, 50). The Pu nuclei also play a role in attention
(51), indicating that it could influence the dysfunctional cognition
process and abnormal emotional behaviors accompanying MDD;
whether the relationship between depression and structural
changes in the thalamic nuclei in MDD remains a critical argument
that requires further specifically designed approaches.

We also investigated the correlations between the HAMD-
17 total and subscale scores and the affected thalamic nuclei
volumes in patients with MDD. We found a weak negative
correlation between the left thalamus and HAMD-17 total score,
which supports previous reports of an association between
thalamic volume and depression severity (52). Moreover, in

the left thalamus, VAmc and PuA nuclei were negatively
associated with evaluation scores. These findings suggest that
the nuclei of the ventral and posterior regions of the thalamus
are negatively correlated with depression severity, suggesting
their involvement in the anterior cingulate-prefrontal circuit
(53). Regarding HAMD-17 subscale scores, the PuA nucleus
of the left thalamus and Pc and MDm nuclei of the right
thalamus showed a weak negative correlation with the core
score, which might suggest their role in the core symptoms
of depression, including depressed mood, loss of energy, and
difficulty with memory and attention (45). Interestingly, only
the right MDm nucleus was negatively correlated with sleep,
activity, and anxiety scores. As the MDm nuclei have extensive
efferent and afferent connections with the prefrontal cortex,
motor cortex, basal ganglia, and amygdala, this result suggests
that structural changes in the MDm nuclei may be relevant for
explaining MDD symptoms, which are poorly understood (54).
In support of this proposal, future studies will benefit from
using longitudinal approaches that investigate the functional and
structural relationships between specific thalamic nuclei and the
clinical symptoms of MDD.

To the best of our knowledge, this is the first MDD study to
investigate alterations in the volumes of various thalamic nuclei
compared with HCs. Moreover, we first analyzed the association
between individual thalamic nuclei volumes and HAMD-17
subscale scores. Nevertheless, this study had several limitations that
should be addressed. First, we used a cross-sectional design, which
makes it challenging to investigate the causal association between
structural changes and clinical features. Second, we enrolled a
relatively small sample without age and sex matching, limiting
the generalizability of our results. Even though the analysis was
statistically adjusted, demographic indicators between the two
groups were different. Therefore, to understand the role of different
regions of the thalamus in the pathophysiology of depression,
longitudinal studies with larger age- and gender-matched sample
sizes are required. Third, we did not investigate detailed clinical
data, including handedness, educational year, age of onset, and
duration of illness, which might have influenced the volumetric
changes we reported. Finally, the present volumetric study did not
point to functional abnormalities or neuronal plasticity associated
with depression; thus, additional work is required to elucidate
alternative explanations for the connections between structural and
functional pathology and depressive symptoms.

5. Conclusion

In summary, our findings showed a reduction in the volume
of the left thalamus in medication-free patients with MDD. The
volumetric data of specific thalamic nuclei also showed alterations,
mainly on the left side. In addition, our results also highlight the
relationship between thalamic nuclei volume and the severity of
clinical symptoms, suggesting an association between volumetric
alteration of various nuclei in the thalamus relevant to the
clinical outcome of depression. Although these findings may be
restricted to certain levels, they may contribute to understanding
brain structural changes in MDD and highlight the need for
further investigation.
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the characteristics of implicit
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Shanghai Mental Health Center, Shanghai Jiao Tong University School of Medicine, Shanghai, China

Background: The significance of implicit self-schema and other-schema in major

depressive disorder (MDD) is highlighted by both cognitive theory and attachment

theory. The purpose of the current study was to investigate the behavioral and

event-related potential (ERP) characteristics of implicit schemas in MDD patients.

Methods: The current study recruited 40 patients with MDD and 33 healthy

controls (HCs). The participants were screened for mental disorders using

the Mini-International Neuropsychiatric Interview. Hamilton Depression Rating

Scale-17 and Hamilton Anxiety Rating Scale-14 were employed to assess the

clinical symptoms. Extrinsic Affective Simon Task (EAST) was conducted to

measure the characteristics of implicit schemas. Meanwhile, reaction time and

electroencephalogram data were recorded.

Results: Behavioral indexes showed that HCs responded faster to positive self

and positive others than negative self (t = −3.304, p = 0.002, Cohen’s d = 0.575)

and negative others (t = −3.155, p = 0.003, Cohen’s d = 0.549), respectively.

However, MDD did not show this pattern (p > 0.05). The difference in other-

EAST effect between HCs and MDD was significant (t = 2.937, p = 0.004, Cohen’s

d = 0.691). The ERP indicators of self-schema showed that under the condition

of positive self, the mean amplitude of LPP in MDD was significantly smaller than

that in HCs (t = −2.180, p = 0.034, Cohen’s d = 0.902). The ERP indexes of other-

schema showed that HCs had a larger absolute value of N200 peak amplitude for

negative others (t = 2.950, p = 0.005, Cohen’s d = 0.584) and a larger P300 peak

amplitude for positive others (t = 2.185, p = 0.033, Cohen’s d = 0.433). The above

patterns were not shown in MDD (p > 0.05). The comparison between groups

found that under the condition of negative others, the absolute value of N200

peak amplitude in HCs was larger than that in MDD (t = 2.833, p = 0.006, Cohen’s

d = 1.404); under the condition of positive others, the P300 peak amplitude

(t = −2.906, p = 0.005, Cohen’s d = 1.602) and LPP amplitude (t = −2.367,

p = 0.022, Cohen’s d = 1.100) in MDD were smaller than that in HCs.

Conclusion: Patients with MDD lack positive self-schema and positive other-

schema. Implicit other-schema might be related to abnormalities in both the early
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automatic processing stage and the late elaborate processing stage, while the

implicit self-schema might be related only to the abnormality in the late elaborate

processing stage.

KEYWORDS

major depressive disorder (MDD), implicit schemas, self-schema, other-schema, event-
related potential

1. Introduction

Major depressive disorder (MDD), a common mood disorder
with approximately 350 million patients worldwide (1), has
become an important global public health problem with high
incidence, relapse, and suicide rates. Symptoms such as self-denial,
self-deprecation, interpersonal avoidance, and high interpersonal
sensitivity are key features in depression (2).

The abnormalities of implicit schemas are considered by
cognitive theory and attachment theory to be the core issues of
MDD. Schemas refer to the internal cognitive structure based
on which individuals select, process, and organize information.
Schemas are usually implicit and are activated in response to
stressful events, especially interpersonal ones (3). According to
Beck (4), MDD patients are characterized by negative views of
self, others, and the world. Among them, the views of self-
include representations and beliefs about the past, present, and
future associated with oneself, i.e., self-schema, also known as self-
representation. The belief about others is other-schema, also known
as other-representation. Bowlby’s attachment theory emphasizes
that in MDD patients, the other-schema that plays a central role is
the representation of those with whom the individual has intimate
relationships, such as parents and partners (5).

Most previous studies explored the characteristic of explicit
self-schema in MDD through Self-Referential Encoding Task
(SRET). They found that MDD patients perceived negative words
as more appropriate for describing themselves, whereas healthy
controls (HCs) perceived the opposite (6–8). However, since SRET
asks subjects to judge whether the adjectives presented describe
themselves, it is vulnerable to expectancy effects. Furthermore,
because the explicit and implicit self-schemas are incongruent in
MDD patients (9), some studies have investigated the implicit self-
schema through Implicit Association Test (IAT) and Go/No-go
Association Task (GNAT) with reaction time (RT) as the main
behavioral index. Nevertheless, the findings remain controversial.
For example, both Risch et al. (10) and Romero et al. (11) found
that MDD had a more negative implicit self-schema than HCs,
while others found different results (12–15). Moreover, only a few
researchers have investigated the other-schema in MDD patents.
However, both cognitive theory and attachment theory emphasize
the significance of both self-schema and other-schema in MDD,
especially the other-schema toward parents and partners, making
it essential to explore the characteristic of the other-schema in this
population. To the best of our knowledge, only the study conducted
by Yao et al. (16) revealed the presence of positive self-schema and
other-schema in HCs, while MDD patients lacked positive self-
schema and had negative other-schema of parents and partners.

In their study, External Affect Simon Task (EAST) was conducted,
which offered an advantage over other paradigms since it can
simultaneously measure both self-schema and other-schema (17).
However, they did not explore the detailed cognitive processes since
only RT was analyzed.

Event-Related Potential (ERP) has a higher temporal resolution
than behavioral indexes, allowing for a more detailed exploration of
cognitive processes. N200, P300, and late positive potential (LPP)
are ERP components associated with neural activity patterns of
implicit schemas, though the findings varied widely. N200 is a
negative wave with a frontal scalp distribution that peaks around
250–350 ms after stimulus onset (18) and is associated with conflict
monitoring and response inhibition (19). A study by Wu et al. (20)
on healthy college students suggested that when negative words
were paired with self-words, subjects showed a greater absolute
value of N200 peak, suggesting that the pairing of negative words
and self-words was inconsistent with subjects’ implicit attitudes,
i.e., the presence of a positive self-schema in HCs. However, similar
results were not found in another study (21). P300 is a positive wave
that peaks around 300–400 ms after stimulus onset over parietal
sites and is related to the allocation of attention and cognitive
resources (19). Some studies consider LPP and P300 as the same
component, thus referring to the wave appearing at 300–400 ms
or before 600 ms as early LPP (15, 22), and the wave appearing
after 600 ms over the centro-parietal scalp as late LPP (15, 19, 23).
Late LPP is related to the degree of arousal and delicate processing
of stimuli (8, 24). Both Auerbach et al. (6) and Dainer-Best et al.
(25) combined P300, LPP and SRET, but found different results.
The former study found that MDD showed greater P300 and LPP
amplitudes in the negative self condition, while HCs showed the
opposite pattern (6). This suggested that MDD patients not only
assigned more attention to the negative self, but also processed the
negative self in more detail. However, in the study by Dainer-Best
et al. (25), no significant results for LPP amplitudes were found.
Notably, Auerbach et al.’s (6) study only included female adolescent
MDD patients, and MDD sample in Dainer-Best et al.’s (25)
study was not clinically diagnosed, but assessed only by telephone
interview. Additionally, Grundy et al. (26) found that subjects with
low self-esteem had a greater P300 amplitude in the positive self
condition. Given that MDD patients is often accompanied by low
self-esteem, further clarification of the neural activity pattern of the
self-schema is needed. Furthermore, although several studies have
involved the neural activity of other-schema, they have focused on
HCs and have not yielded consistent conclusions. For example,
Chen et al. (27) found that HCs had a greater P300 amplitude in
the positive others condition than in the negative others condition,
whereas Wu et al. (20) found the opposite results.
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Therefore, the current study aimed to explore the
neural activity patterns of both implicit self-schema and
other-schema in MDD by combining EAST and ERP. For
behavioral indexes, it was hypothesized that HCs responded
to positive self-words and positive other-words more quickly.
For ERP components, we hypothesized that in HCs, the
absolute value of N200 peak amplitude was greater in
the negative self condition and negative others condition,
whereas the P300 amplitudes and the LPP amplitudes were
greater in the negative self and negative others condition.
However, MDD would show reduced or reversed patterns
compared to HCs.

2. Materials and methods

2.1. Participants

All subjects with MDD were recruited from outpatients
of Shanghai Mental Health Center from September 2021 to
October 2022. All enrolled patients were evaluated with the
following inclusion and exclusion criteria. (1) Inclusion criteria:
(a) meeting the diagnosis of MDD in the Diagnostic and
Statistical Manual of Mental Disorders (DSM), Fifth Edition;
(b) currently in a depressive episode; (c) scoring ≥ 17 on
the 17-item Hamilton Depression Rating Scale (HAMD-17) and
scoring ≤ 21 on the 14-item Hamilton Anxiety Rating Scale
(HAMA-14); (d) meeting the diagnosis of depression in the Mini-
International Neuropsychiatric Interview (MINI) and without
any psychotic symptoms; (e) at least a junior high school
education level; (f)18–55 years old; (g) not receiving medication
and systematic psychotherapy in the last 6 months; (h) with
sufficient audiovisual level to complete the study. (2) Exclusion
criteria: (a) currently presence of serious physical disease; (b)
history of brain injury; (c) meeting the diagnosis of other mental
disorders in MINI; (d) presence of serious suicide attempts; (e)
inability to complete the study due to other problems such as
mental retardation.

All HCs were age-matched and gender-matched adults
recruited from the community through advertisement from May
2022 to August 2022. All enrolled HCs were evaluated with the
following inclusion and exclusion criteria. (1) Inclusion criteria:
(a) no history of any mental disorders; (b) no history of any
mental disorders across three family generations; (c) scoring <7
on both HAMD-17 and HAMA-14; (d) at least a junior high
school education level; (e) 18–55 years old; (f) with sufficient
audiovisual level to complete the study; (2) Exclusion criteria:
(a) currently presence of serious physical disease; (b) history
of brain injury.

According to previous studies (6), a medium effect size was
assumed in the current study, which required a minimum of 50
participants (25 in each group) (28). 40 MDD patients and 33 HCs
met the corresponding inclusion and exclusion criteria and were
included in the current study.

This study has been approved by the Ethics Committee of
Shanghai Mental Health Center (2021ky-122). All participants have
signed the informed consent.

2.2. Measures and procedure

All subjects were interviewed with MINI, HAMD-17, and
HAMA-14 to assess their clinical symptoms and determine whether
the inclusion criteria were met. Among them, MINI was designed
to screen for mental disorders based on DSM-4. HAMD-14 was
used to access anxiety symptoms, with higher scores indicating
more severe anxiety symptoms. HAMD-17 was employed to access
depressive symptoms including low mood, weight loss, somatic
symptoms and so on. A HAMD-17 score of less than 7 was classified
as no depressive symptoms, 7–16 as mild, 17–24 as moderate and
more than 24 as severe.

Based on IAT, EAST was developed by De Houwer (17), which
can measure self-schema and other-schema at the same time.
Participants were asked to press the “F” or “J” keys according to the
valence of attribute words or the color of object words presented on
the screen. Consistent with a previous study (16), attribute words
were printed in white, including positive words and negative words.
Object words were printed in blue or green, including self-words
and other-words. For each trial, a fixation was presented in the
center of the screen for 500 ms. To avoid the influence of subjects’
anticipation of the upcoming word on ERP components, a blank
screen with a duration of 150–250 ms appeared before the stimulus
onset. After the stimulus was onset, subjects were asked to respond
as quickly as possible. Once they pressed the “F” or “J” key, an inter-
stimulus interval was presented for 2,000 ms to avoid the effect
of the next trial on the late ERP components of the previous trial
(Figure 1).

There were two practice blocks and six formal blocks in EAST.
The first block consisted of eight positive words and eight negative
words. Participants were asked to press the “F” key for negative
words and the “J” key for positive words, assigning negative and
positive attributes to the “F” and “J” keys, respectively. The second
practice block consisted of four self-words and four other-words,
each repeated twice in blue and green. In this block, participants
were asked to press the “F” key for words in green, and the “J” key
for words in blue, assigning negative attributes to green and positive
attributes to blue. The formal blocks included six conditions (blue
self-words, blue other-words, green self-words, green other-words,
white positive words, and white negative words). To ensure that
there were enough trials for ERP analysis, the number of trials
in the formal blocks was increased from 144 trials in the original
task (16) to 360 trials, with 60 trials in each block presented with
randomization. The instruction of formal blocks combined the
instructions of the two practice blocks, with responses based on
valence if the words were white, or based on colors if the words
were blue or green.

To avoid fatigue effects, there was a 30-s rest period between
two blocks. The task was programmed by E-Prime 3.0, through
which RT and accuracy were recorded.

2.3. Electroencephalography (EEG) data
recordings and preprocessing

EEG data were acquired during EAST using ANT Neuro
system with 64 scalp sites. The sampling rate was 500 Hz, and
the impedance of each electrode was below 10 k�. The online
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FIGURE 1

Extrinsic affective Simon task. (A) Flowchart of each trial; (B) conditions in EAST; ISI, inter-stimulus interval; self-words included I, myself, me, and
self ( in Chinese). Other-words included dad, mom, partner, and lover ( in Chinese).
Positive words included nice, warm, lovely, kind, excellent, and capable ( ). Negative
words included terrible, incompetent, useless, evil, lame, and disgusting ( ).

reference electrode was CPz, and the offline reference electrodes
were M1 and M2.

EEGLAB toolbox in Matlab 2013b was used to preprocess the
EEG data. There were seven steps of preprocessing. (1) locating the
channels with international standard 10-20 system; (2) filtering the
data with a bandpass in the range of 0.1–30 Hz; (3) segmenting the
data in the range of 200 ms before stimulus onset to 1,000 ms after
post-stimulus and epochs with incorrect answers were removed;
(4) the data of 200 ms pre-stimulus were used for baseline
correction; (5) re-referencing the data to M1 and M2 electrodes;
(6) independent component analysis was used to remove artifacts
such as eye movements; and (7) removing epochs with amplitudes
at any electrode sites exceeding± 80 µ v.

2.4. Statistical analyses

To compare the demographic and clinical differences between
MDD patients and HCs, independent t-test was used for
continuous variables such as age, HAMD-17 and HAMA-14.
For categorical variables (i.e., gender and education level), chi-
square test or Fisher’s exact test was employed. To ensure the
comparability of our results with previous studies, the method
of processing RT outliers was consistent with previous studies
(16, 17). Specifically, RTs below 300 ms and RTs above 3,000 ms
were taken as 300 ms and 3,000 ms, respectively. The average
proportion of this kind of trials was 0.23% across all participants
and conditions, with a range of 0–1.68%. There were six indexes in
EAST, four of which were the average RTs in the four conditions
(i.e., positive self, negative self, positive others and negative others).
The other two indexes were the self-EAST effect (RT for negative
self condition minus RT for positive self condition) and the
other-EAST effect (RT for positive others condition minus RT
for negative others condition). A higher EAST effect indicated a
more positive self-schema or other-schema. As we aimed to focus
on the characteristics of self-schema and other-schema separately,
rather than on their relationships, 2 (valence: positive/negative)
∗ 2 (group: MDD/HC) repeated measures analysis of variances
(RMANOVAs) were performed on RT for self-words and other-
words, respectively. To compare the differences in self-EAST effect

and other-EAST effect between groups, an independent sample
t-test was employed with Bonferroni correction. SPSS 22.0 was used
to perform the above analysis.

After visual inspection of the grand averaged waveforms and
topographic maps of the current study, along with previous studies
(15, 18, 19, 23), we analyzed three ERP components with the
following time windows and electrodes. (1) The peak amplitude
and latency of N200 (250–350 ms) were calculated across Fz, F1,
F2, F3, and F4. (2) The peak amplitude and latency of P300 (300–
400 ms) were calculated across Pz, P1, P2, P3, P4, CP1, CP2, CP3,
and CP4. (3) The mean amplitude of LPP (600–1,000 ms) was
calculated across Cz, C1, C2, C3, and C4. Similar to the analysis
of RT, 2 (valence: positive/negative) × 2 (group: MDD/HCs)
RMANOVAs were performed for self-words and other-words,
respectively. Greenhouse–Geisser correction was conducted if the
sphericity test was violated. The significant level was 0.05. R 4.0.2
with “bruceR” package was used to perform the above analysis.

3. Results

3.1. Demographic and clinical
characteristics

A total of 40 MDD patients and 33 HCs were included in the
study. No significant differences were observed in age (t =−0.604,
p = 0.106), gender (X2

= 0.031, p = 0.861), and education level
(p= 0.644). Among them, chi-square test was conducted on gender
and Fisher’s exact test was conducted on education level given that
50% cells had an expected count less than 5. The scores of MDD
patients were significantly higher than those of HCs in HAMD-17
(t =−32.035, p < 0.001), and HAMA-14 (t =−18.928, p < 0.001)
(Table 1).

3.2. Behavioral outcomes

Table 2 shows the RTs of MDD patients and HCs in
different conditions. For self-schema, the main effect of group
(F = 11.905, p < 0.001, η2p = 0.144) and valence (F = 6.335,
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TABLE 1 Demographic and clinical characteristics of MDD and HCs.

HCs
(n = 33)

MDD
(n = 40)

X2/t p

Age (M± SD) 28.15± 9.11 29.28± 6.76 −0.604 0.106

Gender (n) 0.031 0.861

Male 8 9

Female 25 31

Education level (n) / 0.644

Middle school 1 3

College 32 37

HAMD-17 (M± SD) 2.21± 1.65 20.90± 3.21 −32.035 <0.001

HAMA-14 (M± SD) 1.06± 1.37 15.08± 4.43 −18.928 <0.001

MDD, major depressive disorder; HCs, healthy controls; M, mean; SD, standard deviation.

p = 0.014, η2p = 0.082) were significant, but the interaction effect
(F = 2.147, p = 0.147, η2p = 0.029) was not significant. However,
the exploratory analysis found that HCs responded significantly
faster to the positive self-words than to the negative self-words
(t = −2.690, p = 0.009, Cohen’s d = 0.472), whereas no difference
was found between negative self-words and positive self-words
in MDD patients (t = −0.782, p = 0.437, Cohen’s d = 0.125).
In addition, HCs responded faster to both positive self-words
(t = 3.700, p < 0.001, Cohen’s d = 2.458) and negative self-
words (t = 3.101, p = 0.003, Cohen’s d = 2.111) than MDD
patients. For other-schema, the main effect of group (F = 11.339,
p = 0.001, η2p = 0.138) and the interaction effect (F = 8.625,
p = 0.004, η2p = 0.108) were significant, while the main effect of
valence (F = 3.460, p = 0.067, η2p = 0.046) was not significant.
Post hoc analysis found that the RT for positive other-words was
significantly greater than that for negative other-words in HCs
(t =−3.240, p= 0.002, Cohen’s d= 0.568). And still, no difference
was found between negative other-words and positive other-words
in MDD patients (t = 0.801, p = 0.426, Cohen’s d = −0.127).
Moreover, HCs responded faster to both positive other-words
(t = 3.750, p < 0.001, Cohen’s d = 2.882) and negative other-
words (t = 2.895, p = 0.005, Cohen’s d = 2.186) than MDD
patients (Figure 2). Independent sample t-test was performed on
self-EAST effect and other-EAST effect. Though both the self-EAST
effect (HCs: 29.36 ± 45.83; MDD: 6.96 ± 63.61) and other-EAST
effect (HCs: 29.60 ± 53.89; MDD: −6.64 ± 51.30) of HCs were
greater than that of MDD, only the difference of other-EAST effect
was significant (other-EAST effect: t = 2.937, p = 0.008, Cohen’s
d= 0.691; self-EAST effect: t= 1.465, p= 0.294, Cohen’s d= 0.398)
(Figure 2).

3.3. ERP outcomes

Six MDD patients and seven HCs were excluded due to
excessive artifacts in more than half of their trials. The EEG
data of four MDD patients were not acquired due to equipment
problems. Thus, twenty-six HCs and thirty MDD patients were
included in the analysis of ERP outcomes. To clarify whether the
results of demographic characteristics and behavioral indicators
were consistent for the complete sample and the sample included
in the ERP analysis, the above statistical analyses were conducted
again on the sample included in the ERP analysis. The results
were presented in the Supplementarymaterial and were consistent
with the results of the complete sample described above. For ERP
outcomes, RMANOVA was performed for self-words and other-
words, respectively.

3.3.1. Comparison of the ERP differences of
self-words between MDD and HCs

For the peak amplitude of N200, the main effect of valence
(F = 1.311, p = 0.257, η2p = 0.024) and interaction effect
(F = 0.222, p = 0.640, η2p = 0.004) were not significant, but
the main effect of group was significant (F = 4.670, p = 0.035,
η2p = 0.080). Regarding the latency of N200, the main effect of
valence (F = 3.045, p = 0.087, η2p = 0.053) and group (F = 1.754,
p= 0.191, η2p= 0.031) was not significant, whereas the interaction
was significant (F = 4.420, p = 0.040, η2p = 0.076). Post hoc
analysis showed that in HCs, the latency of positive self-words was
significantly greater than that of negative self-words (t = 2.628,
p = 0.011, Cohen’s d = 0.520), but no significant difference was
found in MDD (t = −0.262, p = 0.794, Cohen’s d = 0.048).
Additionally, the latency of negative self-words in MDD was greater
than that in HCs (t = 2.211, p = 0.0.031, Cohen’s d = 0.604),
and no group difference was found in the positive self conditions
(t = 0.126, p= 0.900, Cohen’s d = 0.035) (Figures 3, 4; Table 3).

For the peak amplitude of P300, the main effect of valence
(F = 0.026, p = 0.873, η2p = 0.000) and interaction (F = 0.000,
p = 0.993, η2p = 0.000) were not significant, but the main effect of
group was significant (F = 6.369, p= 0.015, η2p= 0.105). In terms
of the latency of P300, no significant results were found (p > 0.05)
(Figures 5, 6; Table 3).

For the mean amplitude of LPP, the main effect of valence
(F = 0.153, p = 0.697, η2p = 0.003) and the interaction were
not significant (F = 0.302, p = 0.585, η2p = 0.006). The main
effect of group was marginally significant (F = 3.965, p = 0.052,
η2p = 0.068). However, the exploratory analysis found that the
mean amplitude in the positive self condition was significantly
smaller in MDD than that in HCs (t = −2.180, p = 0.034, Cohen’s

TABLE 2 RTs of MDD and HCs in EAST.

Positive Negative

M ± SD 95% CI of M M ± SD 95% CI of M

HCs Self-words 591.11± 115.42 [550.184, 632.037] 617.47± 120.64 [574.694, 660.251]

Other-words 594.54± 113.09 [554.439, 634.637] 624.14± 126.39 [579.326, 668.955]

MDD Self-words 728.54± 185.72 [669.142, 787.936] 735.50± 189.05 [675.041, 795.962]

Other-words 744.73± 205.69 [678.951, 810.517] 738.09± 194.62 [675.848, 800.331]

MDD, major depressive disorder; HCs, healthy controls; RT, reaction time; EAST, External Affect Simon Task; M, mean; SD, standard deviation; CI, confidence interval.
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FIGURE 2

RTs of MDD patients and HCs in EAST. (A) RTs of self-words; (B) RTs of other-words. MDD, major depressive disorder; HCs, healthy controls; RT,
reaction time; EAST, External Affect Simon Task; error bars represent the standard error. **p < 0.01; ***p < 0.001.

d = 0.902), while no significant group difference was found in the
negative self condition (t = −1.640, p = 0.107, Cohen’s d = 0.754)
(Figures 7, 8; Table 3).

3.3.2. Comparison of the ERP differences of
other-words between MDD and HCs

For the peak amplitude of N200, valence main effect (F= 4.487,
p = 0.039, η2p = 0.077), group main effect (F = 5.060, p = 0.029,
η2p = 0.086) and the interaction (F = 4.838, p = 0.032,
η2p = 0.082) was significant. Post hoc analysis found that in
HCs, the absolute value of N200 peak amplitude in the negative
others condition was greater than that in the positive others
condition (t = 2.950, p = 0.005, Cohen’s d = 0.584). However, no
significant results were observed in MDD (t = −0.060, p = 0.953,
Cohen’s d = 0.011). Moreover, HCs had a greater absolute value of
N200 peak amplitude in the negative others condition than MDD
(t = 2.833, p = 0.006, Cohen’s d = 1.404), and no group difference
was found in the positive others condition (t = −1.543, p = 0.129,
Cohen’s d = 0.809). In terms of the latency of N200, no significant
results were found (p > 0.05) (Figures 3, 4; Table 3).

For the peak amplitude of P300, the main effect of valence
was not significant (F = 0.954, p = 0.333, η2p = 0.017), but
the main effect of group (F = 5.636, p = 0.021, η2p = 0.095)
and the interaction effect was significant (F = 4.940, p = 0.030,
η2p = 0.084). Post hoc analysis showed that in HCs, the peak
amplitude of positive other-words was greater (t= 2.185, p= 0.033,
Cohen’s d = 0.433), while no such difference was found in MDD
(t = −0.914, p = 0.365, Cohen’s d = 0.168). In addition, the peak
amplitude of positive other-words in MDD was smaller than that
in HCs (t = −2.906, p = 0.005, Cohen’s d = 1.602). Regarding
the latency of P300, no significant results were found (p > 0.05)
(Figures 5, 6; Table 3).

For the mean amplitude of LPP, the main effect of valence
(F = 0.028, p = 0.868, η2p = 0.001) and the interaction effect were
not significant (F = 1.331, p = 0.254, η2p = 0.024), but the main
effect of group was significant (F = 4.381, p= 0.041, η2p= 0.075).

Exploratory analysis found that the amplitude of positive other-
words in MDD was smaller than that in HCs (t=−2.367, p= 0.022,
Cohen’s d = 1.100), while no significant difference was found in
the negative others condition (t = −1.652, p = 0.104, Cohen’s
d = 0.788) (Figures 7, 8; Table 3).

4. Discussion

By combining EAST and ERP, the current study investigated
the behavioral and neural activity characteristics associated with
implicit self-schema and implicit other-schema in MDD. HCs
responded faster to positive self-words and positive other-words,
while MDD patients did not. Besides, the absolute value of N200
peak amplitude was greater and the P300 peak amplitude was
smaller under the negative others condition in HCs compared with
MDD patients. Additionally, MDD patients showed smaller LPP
amplitudes than HCs in positive self condition and positive others
conditions. These results suggested that neural reactivities related
to self-schema and other-schema might be altered in MDD.

Compared to negative self-words, HCs responded faster
to positive self-words, indicating a closer association between
positive attributes and their self-representations. This suggested the
existence of positive self-schema in HCs. However, MDD patients
did not show this pattern, indicating a lack of positive self-schema.
This finding is consistent with some previous studies (10, 16,
19). Nevertheless, Franck et al. (12) used IAT but did not find
differences in self-schema between currently depressed patients
and HCs. Grundy et al. (26) suggested that this could be due
to the confusion between self-schema and other-schema in IAT.
Specifically, IAT contains two conditions: positive self condition
and negative self condition. The former condition involves pressing
the same key (e.g., F) for self-words and positive words, and
pressing another key (e.g., J) for other-words and negative words.
The latter condition involves pressing the same key (e.g., F) for
self-words and negative words, and pressing another key (e.g., J) for
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FIGURE 3

Grand averages (A) of N200 (250–350 ms) at Fz electrodes under positive self (blue solid lines), negative self (blue dashed lines), positive others
(orange solid lines), and negative others (orange dashed lines) condition. Topographic maps of N200 at 300 ms (B) under four conditions.
Topographic distribution of t values for N200 between MDD and HCs (C) under four conditions. MDD, major depressive disorder; HCs, healthy
controls.

other-words and positive words. Therefore, in IAT, the RTs under
the positive self condition actually includes the effect of positive
self and negative others. Meanwhile, the RTs under negative self
condition includes the effect of both negative self and positive
others. Since in EAST, object words are presented in different colors
and colors are paired with attributes, it can distinguish between
self-schema and other-schema effectively.

The RT of positive other-words was smaller than negative
other-words in HCs, while no such effect was found in MDD.
Moreover, HCs had significantly greater effect of other-EAST than
MDD patients. Thus, MDD patients showed a more negative other-
schema than HCs. Previous studies have paid less attention to the
characteristics of other-schema in MDD and the findings remain
controversial. Wu et al. (21) used GNAT and found that HCs
responded faster to trials in the negative others condition than
to trials in the positive others condition, suggesting the presence
of a negative other-schema in HCs. Additionally, Jiang et al. (19)

also used GNAT and found that MDD patients had a negative
other-schema, but the RT of HCs in the negative others condition
was smaller than that of MDD participants, indicating that the
other-schema in MDD was more positive than that in HCs. The
discrepancies may be due to the other-words used in these studies,
which were words that did not refer to a specific object, such
as “not me,” “he,” “she,” “others,” etc. Nevertheless, it is worth
noting that the other-schema that plays a key role in MDD is the
representation of those with whom the individual has intimate
relationships, such as parents and partners (29–31). Similar to
the present study, the other-words used in Yao et al.’s (16) study
were words such as parents and lovers, and they also found that
the other-schema in MDD was more negative than that in HCs.
However, MDD participants in Yao et al.’s (16) study showed a
negative other-schema, whereas in the present study, they only
showed a lack of positive other-schema. This difference may relate
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FIGURE 4

Peak amplitude of N200 in EAST. (A) Amplitudes of self-words; (B) amplitudes of other-words. MDD, major depressive disorder; HCs, healthy
controls; EAST, External Affect Simon Task; error bars represent the standard error. **p < 0.01.

TABLE 3 The N200, P300, and LPP of MDD and HCs in EAST (M ± SD).

Positive Negative

Latency (ms) Peak/Mean
amplitude (µV)

Latency (ms) Peak/Mean
amplitude (µV)

N200 HCs Self-words 284.92± 28.84 −1.52± 4.07 272.00± 26.30 −1.75± 3.99

Other-words 283.23± 25.07 −1.71± 4.59 278.15± 24.46 −3.02± 4.12

MDD Self-words 285.80± 23.20 1.02± 4.46 287.00± 24.44 0.46± 4.55

Other-words 290.00± 18.20 0.11± 4.24 288.67± 21.52 0.14± 4.20

P300 HCs Self-words 320.92± 38.33 6.53± 4.45 321.31± 38.78 6.48± 4.59

Other-words 317.46± 33.16 6.21± 4.27 314.46± 32.16 5.27± 4.68

MDD Self-words 330.93± 41.79 3.53± 4.70 331.13± 42.36 3.49± 4.42

Other-words 321.73± 37.65 2.74± 4.60 320.60± 37.48 3.11± 4.64

LPP HCs Self-words / 5.69± 3.42 / 5.65± 3.46

Other-words / 6.36± 3.21 / 6.00± 3.31

MDD Self-words / 3.79± 3.09 / 4.06± 3.72

Other-words / 4.20± 3.56 / 4.46± 3.64

MDD, major depressive disorder; HCs, healthy controls; M, mean; SD, standard deviation.

to the practice effect caused by the increase in the number of
trials (32).

Regarding the neural activity patterns of self-schema, although
no significant difference was found in N200 and P300, an
exploratory analysis of LPP amplitudes showed that MDD patients
showed smaller LPP amplitudes than HCs in positive self condition.
Since LPP reflects the degree of elaborate processing of stimuli (8,
24), it indicates that MDD patients process positive self-words less
elaborately than HCs. Therefore, the above results preliminarily
revealed that the abnormal self-schema in MDD patients was
only related to the late stage of elaborate processing, which was
in line with some existing evidence. For example, Chen et al.
(27) using IAT did not find any difference in N200 amplitudes
of HCs under the positive and negative self conditions. Allison
et al. (22) using SRET found no difference in P300 amplitudes.

In addition, Lou et al. (15) also focused on P300 (early LPP)
and LPP (late LPP), and significant results were found only for
LPP amplitudes. LPP has been considered as a neurophysiological
marker of depression (33) and reflects the top-down processes
of anterior cingulate cortex (ACC) and prefrontal cortex (PFC)
(34). In the process of processing self-related information, ACC
involves the identification of motivationally salient stimuli and
PFC involves the emotional reappraisal and memory consolidation
(34). Compared to HCs, MDD patients showed hyperactivation of
PFC and ACC (35, 36), which are associated with self-esteem and
depression (36). Therefore, the abnormality of self-schema in MDD
may be related to the dysregulated self-cognition and abnormal
processing of emotional stimuli based on ACC and PFC. More
detailed exploration with functional magnetic resonance imaging
(fMRI) will be necessary.
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FIGURE 5

Grand averages (A) of P300 (300–400 ms) at Pz electrodes under positive self (blue solid lines), negative self (blue dashed lines), positive others
(orange solid lines), and negative others (orange dashed lines) condition. Topographic maps of P300 at 360 ms (B) under four conditions.
Topographic distribution of t values for P300 between MDD and HCs (C) under four conditions. MDD, major depressive disorder; HCs, healthy
controls.

FIGURE 6

Peak amplitude of P300 in EAST. (A) Amplitudes of self-words; (B) amplitudes of other-words. MDD, major depressive disorder; HCs, healthy
controls; EAST, External Affect Simon Task; error bars represent the standard error. *p < 0.05; **p < 0.01.
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FIGURE 7

Grand averages (A) of LPP (600–1,000 ms) at Cz electrodes under positive self (blue solid lines), negative self (blue dashed lines), positive others
(orange solid lines), and negative others (orange dashed lines) condition. Topographic distribution (B) of grand averaged LPP within a time window
of 600–1,000 ms under four conditions. Topographic distribution of t values for LPP between MDD and HCs (C) under four conditions. MDD, major
depressive disorder; HCs, healthy controls.

However, some other studies had different findings (6, 19,
25). The inconsistency may be caused by the characteristics of
samples and the use of attribute words as the stimuli to induce
ERP. Specifically, Allison et al. (22) recruited patients with MDD in
remission and Auerbach et al. (6) only included female adolescents
with MDD. Though the subjects in Dainer-Best et al.’s (25) study
and Jiang et al.’s (19) study were adults with MDD who were
currently in an episode, the paradigms they used were SRET and
GNAT, respectively, in which positive or negative words were used
to induce ERP. Given that MDD patients are characterized by
emotion context insensitivity (ECI), referring to the phenomenon
that the emotional reactivity of MDD patients is lower than that
of HCs when faced with stimuli of different valence (positive
adjectives or negative adjectives) (37). Thus, when attribute words
are used to induce ERP, it is unclear whether the abnormality of
ERP is originated from ECI or the abnormal implicit schemas (24,
38). Unlike IAT, GNAT, and SRET, words used to induce ERP in
EAST are object words, which have been proven to activate the
implicit attitudes effectively (20, 39–41). Therefore, the results of

the present study further clarified that the neural activities related
to the implicit self-schema in MDD were mainly reflected in the late
processing stage.

Regarding the neural activity patterns of other-schema, the
findings were consistent with our hypotheses and behavioral
results. For N200 and P300, the analyses showed that in HCs,
the absolute value of N200 peak amplitude was greater and
the P300 peak amplitude was smaller under the negative others
condition. But no such effect was observed in MDD. Since N200
represents response inhibition, error monitoring and mismatch
(18), the above results suggested that positive other-words were
more consistent with HCs’ implicit attitudes than negative other-
words. This indicated that HCs had a positive other-schema,
whereas MDD patients lacked it. Since P300 represents the
allocation of cognitive and attentional resources (19), the above
results showed that HCs allocated more cognitive and attentional
resources to positive other-words, while MDD patients did not.
Moreover, the absolute value of N200 peak amplitude in the
negative others condition and the P300 peak amplitude in the
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FIGURE 8

Mean amplitude of LPP in EAST. (A) Amplitudes of self-words; (B) amplitudes of other-words. MDD, major depressive disorder; HCs, healthy
controls; EAST, External Affect Simon Task; error bars represent the standard error. *p < 0.05.

condition of the positive other in HCs were greater than that in
MDD, respectively. Thus, in comparison to HCs, MDD participants
had more negative implicit attitudes to other-representations and
allocated fewer cognitive and attentional resources to positive
other-words. For LPP amplitudes, the exploratory analyses revealed
that MDD participants had smaller amplitudes than HCs in the
positive others condition, suggesting that HCs processed positive
other-words more elaborately than MDD patients. These findings
provide evidence for theories that emphasize the importance of
other-schema, such as cognitive theory, attachment theory and
dyadic partner-schema model. Dyadic partner-schema model is
proposed by Wilde and Dozois recently, and it demonstrates that
the representations of self and others are highly similar, and that
negative self-schema and other-schema will reinforce each other
in MDD (29). Overall, the above results expand the previous
understanding of the neural activity features related to the implicit
other-schema in MDD.

Notably, HCs showed larger N200 latency in the positive self
condition than the negative self condition, while no such effect
was observed in MDD. Also, MDD participants showed greater
N200 latency in the negative self condition than HCs. Another
study on HCs also suggested that the positive implicit self-schema
was associated with the greater N200 latency (21). But other
studies did not find similar results. Existing evidence indicates
that the N200 latency is influenced by factors such as memory
(42) and stimuli evaluation speed (43). Thus, further investigation
is necessary to clarify the role of these factors in the current
findings. Furthermore, significant group main effects were found in
all three ERP components, which may reflect the overall cognitive
impairment in MDD (44, 45).

There are some limitations in our study. First, the majority
of MDD patients in this study were moderately depressed, and
the lack of mild and severe depressed patients might impact the
results. Therefore, it is important to include MDD patients with
varying degrees of depression to confirm our findings. Second, the
relationship between self-schema and other-schema was not the

investigated in the current study. Exploring this relationship in
future studies may procide further insights into the mechanisms
underlying MDD. Third, compared with fMRI, ERP has a higher
temporal resolution but a lower spatial resolution. Thus, future
studies can use fMRI to comprehensively explore the brain regions
or networks involved in implicit schemas of MDD patients. Fourth,
although the MDD patients in the current study were not diagnosed
with anxiety disorder, they still had mild anxiety symptoms. It
is possible that these anxiety symptoms may have influenced our
results. Comparing implicit schemas in MDD patients with and
without comorbid anxiety disorders in future studies may help to
clarify the impact of anxiety on implicit schemas in MDD. Finally,
as far as we know, there is currently no study exploring the changes
of implicit schemas in MDD following different interventions and
their relationships with improvement in depressive symptoms.
Investigating these issues may further elucidate the role of implicit
schemas in etiology and treatment of MDD.

5. Conclusion

Our study explored the neural activity patterns of implicit self-
schema and other-schema in MDD by combining ERP and EAST.
Both behavioral and ERP indexes showed that MDD participants
lacked positive self-schema and positive other-schema. Moreover,
implicit other-schema might be related to abnormalities in the
early automatic processing stage (i.e., N200 and P300) and the late
elaborative processing stage (i.e., LPP), while implicit self-schema
might be associated only with abnormalities in the late elaborative
processing stage.
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Objectives: Childhood trauma (CT) is a known risk factor for major depressive

disorder (MDD), but the mechanisms linking CT and MDD remain unknown.

The purpose of this study was to examine the influence of CT and depression

diagnosis on the subregions of the anterior cingulate cortex (ACC) in MDD

patients.

Methods: The functional connectivity (FC) of ACC subregions was evaluated in

60 first-episode, drug-naïve MDD patients (40 with moderate-to-severe and 20

with no or low CT), and 78 healthy controls (HC) (19 with moderate-to-severe

and 59 with no or low CT). The correlations between the anomalous FC of ACC

subregions and the severity of depressive symptoms and CT were investigated.

Results: Individuals with moderate-to severe CT exhibited increased FC between

the caudal ACC and the middle frontal gyrus (MFG) than individuals with no or low

CT, regardless of MDD diagnosis. MDD patients showed lower FC between the

dorsal ACC and the superior frontal gyrus (SFG) and MFG. They also showed lower

FC between the subgenual/perigenual ACC and the middle temporal gyrus (MTG)

and angular gyrus (ANG) than the HCs, regardless of CT severity. The FC between

the left caudal ACC and the left MFG mediated the correlation between the

Childhood Trauma Questionnaire (CTQ) total score and HAMD-cognitive factor

score in MDD patients.

Conclusion: Functional changes of caudal ACC mediated the correlation

between CT and MDD. These findings contribute to our understanding of the

neuroimaging mechanisms of CT in MDD.
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major depressive disorder, childhood trauma, resting state, functional connectivity,
anterior cingulate cortex
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Introduction

Major depressive disorder (MDD) is a prevalent psychiatric
disease affecting approximately 15–18% of the general population
around the world (1). Globally, depression was the leading
contributor to disability in 2017 according to the World Health
Organization, and its prevalence continues to increase (2). To date,
the neurobiological mechanisms underlying depression remain
incompletely characterized. Consequently, it is imperative to
understand the neurobiological mechanisms of MDD and identify
effective therapies for depression.

Neuroimaging studies point to the anterior cingulate cortex
(ACC), a region involved in emotions, information processing,
and regulation, which serves a vital role in the pathophysiology
of depression (3, 4). Previously published studies ubiquitously
found that abnormalities of gray matter volume (5–11), white
matter volume (12, 13), and functional activity (14–17) of the ACC
could be responsible for depression in MDD patients. In addition,
accumulating evidence from previous studies indicated that the
alterations in the structural and functional activity of ACC have
emerged as a promising predictor of the effectiveness of depression
treatment. For instance, the increased volume ratio of ACC was
correlated to the improvement of depressive symptoms after ECT
(18). After Cognitive Behavioral Therapy (CBT), the reduction in
depressive symptoms was positively related to an increase in ACC
volume (19). Additionally, changes in baseline metabolic activity
in the ACC can also predict the effectiveness of antidepressant
treatment (20). Evidence suggests that deep brain stimulation
treatment targeted at white matter tracts adjacent to the subgenual
ACC can relieve depression symptoms (21, 22). Thus, the structural
and functional activity of ACC is crucial to the diagnosis, prognosis,
and therapy of MDD.

There is wide recognition that childhood trauma (CT)
contributes to MDD risk. Patients with depression who suffer
maltreatment are more likely to develop chronic diseases and have
worse treatment outcomes (23). In previous studies, the volume
of ACC has been shown to be reduced in people with CT (24–
28). These changes in the volume of ACC in CT are consistent
with the findings reported in MDD studies (29), indicating that
CT and MDD may be linked by the ACC. In spite of this, it
remains unclear how CT affects MDD physiologically. Recently,
there has been an increased focus on brain connectivity and how
it relates to psychopathology as well as changes in gray matter
structure and function (30, 31). By using functional magnetic
resonance imaging (fMRI), we can detect the temporal organization
of the functional brain circuits on a large scale organization of
neural functional brain circuits by detecting temporally correlated,
spontaneous variations in blood oxygen levels; this is also termed
resting-state functional connectivity (rsFC) (32).

Previous evidence based on FC has suggested that MDD
patients have extensively aberrant FC between the ACC and
multiple areas of the brain (9, 14, 17). The structure and function
of the ACC, however, are considered to be heterogeneous and can
generally be divided into five subregions associated with distinct
functions (33–35). Recent studies have investigated changes in
ACC subregions in MDD (36–40). A previous study showed that
the subregions of ACC (including subgenual, perigenual, and
caudal ACC) exhibited a reduction in FC with the key hubs in

the default mode network (DMN), and a decreased FC of the
caudal ACC to the precuneus has a negative link to depression
symptoms (37). Additionally, a reduced FC of subgenual ACC
to the middle frontal gyri (MFG) and inferior frontal gyri (IFG)
has been related to rumination in medication-naïve, first-episode
MDD adolescents (36). One study demonstrated that the FC
of perigenual ACC-superior frontal gyrus (SFG) mediates the
association between anhedonia and sleep quality in MDD patients
(41). As a result, MDD may be characterized by the alteration
of functional integration in subregions of the ACC. As with
depression research, reduced subregions of ACC FC have been
observed in individuals with CT, both clinically and non-clinically.
Research on 64 late adolescents found that a higher level of
CT was correlated to a lower FC of the subgenual ACC to the
amygdala (42). However, a study of healthy adolescents found
that adolescents with CT exhibited the reduced FC between the
subgenual ACC and the fronto-parietal network (FPN) (including
the dorsolateral prefrontal cortex (DLPFC), supramarginal gyrus
(SMG), and cuneus) (43). In other studies, CT has been shown
to be negatively associated with the FC of the rostral ACC to the
amygdala and hippocampus (44, 45). These studies suggest that
the alterations in the FC of ACC subregions were also related to
the history of CT. To our knowledge, no studies have examined
the alteration in the FC of ACC subregions in MDD patients with
moderate-to-severe CT and with no or low CT.

This study aimed to investigate whether and how CT, current
depression, and both affect FC patterns of ACC subregions in
the first-episode, drug-naïve MDD patients compared with healthy
controls (HCs). In addition, we also examined the association
between the aberration in FC of ACC subregions and the severity
of depressive symptoms. Finally, we explored the possible effect of
ACC subregions FC in the associations between CT and depressive
symptoms using a mediation analysis model.

Materials and methods

Participants

Sixty first-episode, drug-naive MDD patients and 78 gender-
and age-matched HC were included in the present study. All
individuals with MDD were recruited from the department of
psychiatry, Renmin Hospital of Wuhan University from April 2021
to July 2022. The recruitment of matched healthy control subjects
was accomplished through advertisements. Patients were diagnosed
using the Structured Clinical Interview for the Diagnostic and
Statistical Manual of Mental Disorders (DSM-IV) (SCID). The
17-item Hamilton Depression Scale (HAMD-17) and 14-item
Hamilton Anxiety Scale (HAMA) were used to measure the
depression and anxiety levels of all participants. The inclusion
criteria for MDD patients included: (1) meeting the DSM-IV
diagnostic criteria for MDD, (2) having first-episode MDD with no
history of treatment, including psychoactive drugs, psychotherapy,
and so on, (3) being between the age of 18 and 65 years, (4) being
right-handed, and (5) having a total score of HAMD-17 > 17.
HCs were admitted to this study if they met the following criteria:
(1) were without any major psychiatric illness and had no family
history of major psychiatric illnesses, (2) were between the age of 18
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and 65 years, and (3) were right-handed. Any participant who met
any of the following criteria was excluded: (1) they were under the
age of 18 or over 65 years old, (2) had a history of another DSM-
IV Axis I psychiatric disorder, (3) had any neurological disorders
or head injury, (4) had a substance abuse or dependency history,
or (5) had other contraindications for imaging scanning. The five
subscales of the HAMD-17 were scored as anxiety/somatization,
weight, cognitive disturbance, retardation, and sleep disruption
(46). The Chinese version of the Childhood Trauma Questionnaire
(CTQ) was utilized to assess CT (47). It is a 28-item self-reported
questionnaire that evaluates five aspects of childhood trauma,
including emotional neglect (EN), physical neglect (PN), emotional
abuse (EA), physical abuse (PA), and sexual abuse (SA). The cut-off
scores of each subscale for moderate-to-severe trauma are: PN≥ 10,
PA ≥ 10, EN ≥ 15, EA ≥ 13, and SA ≥ 8. In this study, individuals
scoring above the subscale threshold (moderate-to-severe) were
considered to have been exposed to corresponding CT (48). All
participants provided informed consent for this study and were
recruited. This current study received approval from the Ethics
Committee of Renmin Hospital of Wuhan University.

MRI acquisition

All participants’ imaging data were acquired on a 3.0T GE
Signa HDx MRI scanner at Renmin Hospital of Wuhan University.
In order to maintain motionlessness, participants were informed
to keep their eyes closed and keep thinking of nothing special.
High-resolution T1-weighted structural images were obtained by
gradient-echo sequence: repetition time (TR) = 8.5 ms; echo time
(TE) = 3.2 ms; flip angle = 12◦; slice thickness = 1.0 mm;
gap = 0.0 mm; field of view (FOV) = 256 mm × 256 mm;
matrix = 256 × 256; voxel size = 1.0 mm × 1.0 mm × 1.0 mm;
176 slices. An echo planar imaging (EPI) sequence was used to
acquire resting-state functional MRI data: TR= 2,000; TE= 30 ms;
flip angle = 90◦; voxel size = 3.4 mm × 3.4 mm × 4.0 mm; slice
thickness = 4.0 mm; gap = 0 mm; FOV = 220 mm × 220 mm;
matrix = 64 × 64; 36 slices; resulting in a total of 240
volumes acquired.

MRI data preprocessing

Preprocessing was carried out with Statistical Parametric
Mapping (SPM12)1 and Data Processing Assistant for Resting-State
fMRI (DPARSF V5.2) (49). To ensure magnetization stability, the
first 10 volumes of each participant were removed. Slice timing
correction was conducted to account for interleaved acquisition.
Functional images were realigned to correct the head motion.
A participant with a maximum displacement over 3 mm or
rotation over 3◦ was excluded from the analysis. Subject-wise 3D
T1-weighted structural images were co-registered with the mean
functional images. Subsequently, each participant’s functional
images were normalized to the standard Montreal Neurological
Institute (MNI) space by using the transformation co-registered T1

1 http://www.fil.ion.ucl.ac.uk/spm

to MNI space and resampled to 3.0 mm× 3.0 mm× 3.0 mm voxels.
Spatial smoothing was performed using a 6 mm full-width half-
maximum (FWHM) isotropic Gaussian kernel. Linear detrending
was applied to remove low-frequency drift. Several confounding
factors including WM signal, CSF signal, and Friston-24 head
motion parameters were regressed to allow for minimal effects of
possible motion-related confounds. A temporal bandpass filter at
0.01–0.1 Hz was applied to control physiological high-frequency
noise. There were no subjects excluded for excessive head motion
>3 mm displacement or >3◦.

Functional connectivity measurement

Using the DPABI toolbox, images were processed and then
imported for seed-to-voxel FC analysis. In the present study, a
total of 10 spherical regions of interest (ROIs) of 5 mm radius
were identified for bilateral ACC, and bilateral caudal ACC
(±5, −10, 37), dorsal ACC (±5, 10, 33), rostral ACC (±5, 27,
21), perigenual ACC (±5, 47, 11), and subgenual ACC (±5,
34, −4) were created to examine the seed-based, whole-brain,
voxel-wise functional connectivity patterns of each subregion of
the ACC (34, 35). The map of the 10 ROIs is displayed in
Figure 1. For each subject, the time series of all voxels within
each ROI was extracted and subsequently averaged to calculate
Pearson’s correlation with the time series of all other voxels in
the whole brain. Then Fisher’s r-to-z transformation was utilized
to ensure the normality of FC. Thus, each FC map of ROIs was
obtained. Then two-sample t-test was utilized to compare the
differences in the FC map of ROIs between the MDD and HC
groups after controlling for confounders of gender, age, education,
and head motion. The threshold p < 0.001 at the voxel level
and p < 0.05 at the cluster level (two-tailed), with Gaussian
random field (GRF) theory, was taken to indicate the statistical
significance.

Statistical analysis

The Shapiro-Wilkes normality test and Levene’s test were
applied to evaluate variance distribution and homogeneity,
respectively. Independent samples t-test or Mann-Whitney U
test (for non-Gaussian distributions) were used to compare the
demographic and behavioral variables between the two groups.
One-way ANOVA test with Bonferroni-test or Welch-ANOVA
with Games–Howell post-test (the variances were not equal)
was used to evaluate demographic and behavioral variables
comparisons among the four groups. The Chi-square test was
applied to assess the gender differences. All the numerical data are
expressed as the mean [standard deviation (SD)]. The significance
level was set at P < 0.05 (SPSS 23.0; SPSS Inc., Chicago, IL,
USA).

To separately test the main effect of diagnosis and CT level and
the interaction between diagnosis and CT level on depression and
anxiety level, 2 (diagnosis: MDD and HC)× 2 (CT level: moderate-
to-severe and no or low) two-way ANCOVAs were conducted,
controlling for mean framewise displacement (FD). Demographic
differences among the four groups were not significant.
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FIGURE 1

The map of five ACC subregions in each hemisphere. Five seeds for left and right hemisphere to represent different ACC functional subdivisions,
including caudal ACC (L/R-Sl, blue, MNI = ±5, −10, 37), dorsal ACC (L/R-S2, peacock blue, MNI = ±5, 10, 33), rostral ACC (L/R-S3, green, MNI = ±5,
27, 21), perigenual ACC (L/R-S4, orange, MNI = ±5, 47, 11), and subgenual ACC (L/R-S5, red, MNI = ±5, 34, −4). All these seeds were defined in the
Montreal Neurological Institute (MNI) coordinates with the spheres of 4 mm.

TABLE 1 Demographic and neuropsychiatric characteristics among four groups.

MDD HC

Moderate-to-severe
CT (N = 40)

No or low CT
(N = 20)

Moderate-to-severe
CT (N = 19)

No or low CT
(N = 59)

F/t/χ2 P

Demographic characteristics

Age (years) 26.40 (5.38) 26.75 (8.81) 26.95 (7.83) 29.20 (8.94) 1.23a 0.302

Gender (Male/female) 32 (80%) 16 (80%) 11 (57.89%) 42 (71.19%) 3.80a 0.283

Education (years) 15.38 (1.73) 15.25 (2.97) 16.90 (2.18) 15.80 (2.30) 2.35a 0.076

Mean FD (mm) 0.06 (0.04) 0.06 (0.03) 0.06± 0.03 0.06 (0.03) 0.02a 0.997

Disease duration (month) 6.48 (4.12) 7.05 (4.27) – – 0.00 0.617

Clinical characteristics

HAMD-17 26.55 (4.62) 24.90 (6.28) 1.68 (1.42) 0.90 (1.21) 706.55 <0.0011

HAMA 17.23 (2.87) 16.15 (2.52) 1.58 (2.12) 1.59 (1.78) 287.98 <0.0011

CTQ-EA 11.05 (4.38) 7.75 (2.17) 7.90 (3.07) 5.95 (1.41) 24.66 <0.0011

CTQ-PA 7.33 (2.77) 5.45 (0.76) 6.42 (3.11) 5.37 (0.61) 9.41 <0.00101

CTQ-SA 6.10 (2.57) 5.15 (0.67) 5.84± 2.85 5.15 (0.58) 3.26 0.032

CTQ-EN 16.38 (3.71) 9.85 (2.46) 11.05 (4.08) 8.14 (2.49) 66.35 <0.001

CTQ-PN 11.38 (3.59) 6.95 (1.85) 10.00 (2.67) 5.78 (1.25) 49.32 <0.001

CTQ-Total 52.26 (11.14) 35.15 (4.88) 41.21± 8.05 30.39 (4.18) 92.42 <0.001

Means with standard deviations in parentheses. F//t/χ2 : Variables of age, years of education, mean FD, HAMD-17, HAMA-14, and CTQ assessments were tested by one-way ANOVA
or Welch-ANOVA as indicated by F; aanalysis by one-way ANOVA; gender was calculated using chi-square test as indicated by χ2 ; disease duration was tested by two-sample t-test as
indicated by t. Significant post-hoc tests (p < 0.05, Bonferroni corrected or Games–Howell corrected): HAMD-17: MDD_moderate-to-severe CT = MDD_no or low CT > HC_moderate-
to-severe CT = HC_no or low CT; HAMA: MDD_moderate-to-severe CT =MDD_no or low CT > HC_moderate-to-severe CT = HC_no or low CT; CTQ_EA: MDD_moderate-to-severe
CT > MDD_no or low CT = HC_moderate-to-severe CT > HC_no or low CT; CTQ_PA: MDD_moderate-to-severe CT = MDD_no or low CT = HC_moderate-to-severe CT = HC_no
or low CT; CTQ_SA: MDD_moderate-to-severe CT > MDD_no or low CT = MDD_moderate-to-severe CT = HC_no or low CT; CTQ-EN: MDD_moderate-to-severe CT > MDD_no
or low CT > HC_moderate-to-severe CT > HC_no or low CT; CTQ_PN: MDD_moderate-to-severe CT = HC_moderate-to-severe CT > MDD_no or low CT > HC_no or low CT;
CTQ_Total: MDD_moderate-to-severe CT > HC_moderate-to-severe CT > MDD_no or low CT > HC_no or low CT. MDD, major depressive disorder; HC, healthy control; FD, frame
displacement; HAMD-17, 17-items Hamilton Depression Scale; HAMA, Hamilton Anxiety Scale; CTQ-EA, Childhood Trauma Questionnaire-emotional abuse; CTQ-PA, Childhood Trauma
Questionnaire-physical abuse; CTQ-SA, Childhood Trauma Questionnaire-sexual abuse; CTQ-EN, Childhood Trauma Questionnaire-emotional neglect; CTQ-PN, Childhood Trauma
Questionnaire-physical neglect; CTQ-Total, Childhood Trauma Questionnaire total score.

Similarly, significant differences in the seed-to-voxel FC maps
created by each seed among the four groups were investigated using
2 (diagnosis: MDD and HC) × 2 (CT level: moderate-to-severe,
no or low) ANCOVAs, and gender, age, education level, and mean
FD were included as covariates. Significant clusters for all maps
comparisons were identified with a Gaussian random field (GRF)
theory with a cluster level at P < 0.05 and a voxel-level threshold of
P < 0.001 for multiple comparisons.

Partial correlations analysis was used to assess whether FCs
were the main effect of CT level and were correlated with depressive
levels, CTQ total score, and subscales score after controlling for age,
gender, years of education, mean FD, and duration of illness (only
in the MDD group). Multiple comparisons were performed using
a False discovery rate (FDR) < 0.05. Then, mediation analysis was
utilized by using Haye’s bootstrapping method (PROCESS macro
based on SPSS model 4, utilizing 5000 bootstrap samples to estimate
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the 95% confidence interval) (50) to test the influence of FC
alterations in the subregions of ACC on the relationship between
CT and depressive symptoms in the MDD group, controlling for
gender, age, education level, and mean FD.

Results

Demographic and clinical characteristics

The demographic and clinical characteristics of the four groups
are summarized in Table 1. No significant differences were found
in age, gender, mean FD, and years of education among the
four groups after Bonferroni correction (p < 0.05/6 = 0.0083)
in this study. The disease duration has no difference between
the MDD_moderate-to-severe CT group and MDD_no or low
CT group.

Diagnosis and CT level effects on clinical
variables

There was a significant main effect of diagnosis on all depressive
and anxiety levels, with MDD patients exhibiting severe depressive
and anxiety symptoms compared to the HCs. The main effect
of CT was identified on the HAMD-17 total score, and the
HAMD-cognitive disturbance factor indicated that the subjects
with moderate-to-severe CT displayed higher levels of depressive
and cognitive disturbance symptoms than those with no or low CT.
The significant main effect of diagnosis and the interaction effect of
diagnosis×CT on HAMD total score was demonstrated only in the
HC group; the individuals with moderate-to-severe CT exhibited
higher levels of depressive symptoms than individuals with no or
low CT. No significant main effect of CT or the interaction effect
of diagnosis by CT on the HAMD-anxiety factor, HAMD-weight
factor, HAMD-retardation factor, HAMD-sleep disorder factor, and
HAMA were identified (Table 2).

Diagnosis and CT level effects on FC

For FCs from the bilateral caudate ACC, there was a significant
main effect of CT. Individuals with moderate-to-severe CT
independent of MDD diagnosis showed increased FC between
bilateral caudate ACC and left middle frontal gyrus (MFG) (GRF
correction with cluster-level at P < 0.05 and a voxel-level threshold
of P < 0.001) (Figure 2). The main effect of diagnosis was
significant (Figure 3). Patients with MDD exhibited decreased
FC between the left caudal ACC and left MFG, right SFG,
right supramarginal gyrus (SMG) and anterior cingulate cortex,
supracallosal (ACCsup) (Figure 3A); between the right caudal ACC
and right SFG, right SMG and left ACCsup (Figure 3B); between
left dorsal ACC and left MFG, left ACCsup, right SFG and right
SMG (Figure 3C); between right dorsal ACC and left MFG, right
SFG and right SMG (Figure 3D); between left rostral ACC and
left middle cingulate & paracingulate gyri (MCC) and left superior
temporal gyrus (STG) (Figure 3E); between right rostral ACC and T
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FIGURE 2

The significant main effect of CT level on FC between bilateral caudal ACC and the left MFG. (A) Individuals with a history of moderate-to-severe CT
exhibited increased FC between the left caudal ACC seed and left MFG compared to individuals with no or low CT. (B) Individuals with a history of
moderate-to-severe CT exhibited increased FC between the right caudal ACC and the left MFG compared to individuals with no or low CT. L, left;
R, right; MDD, major depressive disorder; FC, functional connectivity; ACC, anterior cingulate cortex; MFG, middle frontal gyrus.

left MFG (Figure 3F); between left perigenual ACC and left middle
temporal gyrus (MTG) and right angular gyrus (ANG) (Figure 3G);
between left subgenual ACC and left MTG (Figure 3H). No other
significant main effect or interactions of diagnosis-by-CT on FC
could be identified (Table 3).

Correlation and mediation analysis in the
MDD group

Given that the main effect of CT on HAMD-17 total score
and HAMD-cognitive disturbance factor was detected, partial
correlation and mediation analyses were performed to investigate
the correlation between the altered FCs and the main effect of CT
on the HAMD-17 total score and CTQ total score and subscales
scores in MDD groups with age, gender, years of education,
duration of illness, and mean FD included as covariates.

The FC between the left caudal ACC and the left MFG was
positively correlated with CTQ-physical neglect score (r = 0.400,
p = 0.002) (Figure 4A) and CTQ total score (r = 0.352, p = 0.008)
(Figure 4B). The FC between the right caudal ACC and the left
MFG was also positively correlated with CTQ-physical neglect
score (r = 0.444, p < 0.001) (Figure 4C). The HAMD-cognitive
score was positively correlated with CTQ total score (r = 0.426,
p < 0.001) (Figure 4D). In the mediation analysis, the FC of
left caudal ACC to left MFG partially mediates the relationship
between CTQ total score and HAMD-cognitive disturbance factor
in MDD patients (indirect effect: β = −0.107, bootstrapped 95%
CI = −0.2155 to −0.0141; direct effect: β = 0.493, bootstrapped
95% CI= 0.2468–0.7448) with covariates of gender, age, education
level, mean FD, and duration of illness; the FC of right caudal ACC
to left MFG partially mediates the relationship between CTQ total

score and HAMD-cognitive disturbance factor in MDD patients
(indirect effect: β = −0.019, bootstrapped 95% CI = −0.0407 to
−0.002; direct effect: β = 0.484, bootstrapped 95% CI = 0.0429–
0.1417) with covariates of gender, age, education level, mean
FD, and duration of illness (Figure 5). The complete list of
partial correlation and mediation analyses is presented in the
Supplementary material.

Discussion

This present study investigated the effects of CT severity and
MDD on seed-to-voxel FC patterns of ACC subregions and the
association among childhood trauma, altered FCs, and depressive
symptoms. Our preliminary findings showed that there was a
significant main effect of diagnosis and CT severity level, but no
interaction effect between MDD and CT severity level on the FC of
ACC subregions. Specifically, regardless of the diagnosis of MDD,
individuals with moderate-to-severe CT exhibited increased FC
between bilateral caudal ACC and left MFG relative to individuals
with no or low CT. FC of the caudal ACC to MFG mediated the
association between CTQ and the cognitive disturbance symptoms
of MDD. In terms of the main effect of MDD diagnosis compared
to the HC, the caudal ACC and dorsal ACC exhibited a reduction
in FC within the regions of the cognitive control network (CCN),
including the SFG, MFG, and SMG in MDD patients. In addition,
the subgenual and perigenual ACC exhibited attenuated FC the
ANG and MTG, which are the key regions of the DMN.

An important finding was that individuals with moderate
to severe CT showed a significantly increased FC between the
bilateral caudal ACC and MFG compared to the individuals
with no or low CT. Caudal ACC plays a crucial role in conflict
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FIGURE 3

The significant main effect of diagnosis on FCs of ACC subregions. (A–H) MDD patients had decreased rsFCs of bilateral caudal ACC, bilateral dorsal
ACC, bilateral rostral ACC, left perigenual ACC and left subgenual ACC compared to HC. Significance threshold was set at p < 0.001 at voxel level
uncorrected, p < 0.05 at cluster level, with Gaussian random field correction (GRF). L, left; R, right; MDD, major depressive disorder; HC, healthy
controls; FC, functional connectivity; CT, childhood trauma; ACC, anterior cingulate cortex; MFG, middle frontal gyrus; SFG, superior frontal gyrus;
SMG, supra marginal gyrus; STG, superior temporal gyrus; MTG, middle temporal gyrus; ANG, angular gyrus. ACCsup, anterior cingulate cortex,
supracallosal; MCC, middle cingulate & paracingulate gyri.

monitoring (51–53). MFG, which is part of the dorsolateral
prefrontal cortex, is mainly involved in higher-order cognitive
functions such as working memory and executive control (54). An
influential theoretical framework proposed that the ACC detects
potential conflicts and subsequently relays them to the DLPFC
to implement execution control processes (55, 56). Stress and
emotion-processing brain regions may be permanently altered as
a result of traumatic experiences in childhood, resulting in greater
sensitivity to stressful situations in adulthood (57). Higher FC
between the caudal ACC and DLPFC may represent high demands
of executive control function (decreased neural efficiency/greater
effort) in individuals with moderate and severe CT. This finding
indicated that individuals exposed to a higher level of CT often
require a greater level of behavioral flexibility to adapt to changing
environments and come up with alternate solutions to problems.
The findings of this study are in agreement with those of several
previous studies. Mueller et al. (58) reported that adolescents with

early-life stress exhibited increased activity in brain regions related
to executive control. Moreover, we found there is no alteration of
FC in other ACC subdivisions in individuals with CT, suggesting
that CCN might be a potential biomarker for CT.

In contrast to the increased FC of the left caudal ACC to
the left MFG, our results demonstrated decreased FC of the left
caudal ACC to the left MFG. Having minimal executive control
is associated with emotional regulation difficulties, ruminating,
and a reduction in social skills, which are all predictive
of psychopathology (59). Thus, the caudal ACC and MFG
connectivity disruptions may impair executive control function
and lead to rumination in MDD patients. Combining the above
findings, the difference in FC patterns between the caudal
ACC and MFG may hint at maltreatment-related changes in
executive control networks and not just an epiphenomenon of
concurrent MDD (60). Moreover, we also found that the FC
between the caudal ACC and DLPFC partially mediated the
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TABLE 3 Diagnosis and childhood trauma effects on functional connectivity of anterior cingulate cortex (ACC) subregions.

Seeds Regions BA Cluster size Peak MNI coordinates Peak T-value

X Y Z

CT main effect

With moderate-to-severe CT > with no or low CT

L-caudal ACC L-MFG 10 190 −42 57 9 5.3987

R-caudal ACC L-MFG 10 81 −42 57 12 3.744

Diagnosis main effect

MDD HC

L-caudal ACC L-MFG 10 245 −33 51 33 −5.6905

R-SFG 10 287 30 48 12 −5.0098

R-SMG 40 137 63 −36 30 −4.6357

L-ACCsup 24 103 0 27 18 −4.3193

R-caudal ACC R-SFG 10 200 30 57 15 −4.7783

R-SMG 40 194 63 −36 33 −4.4833

L-ACCsup 24 110 −3 24 18 −4.4963

L-dorsal ACC L-MFG 10 126 −33 51 33 −6.331

L-ACCsup 24 146 0 9 33 −4.7657

R-SFG 10 108 33 45 21 −4.3784

R-SMG 40 132 63 −33 27 −3.9664

R-dorsal ACC L-MFG 10 79 −33 51 33 −5.5866

R-SFG 10 91 30 48 21 −4.3912

R-SMG 40 88 63 −33 36 −3.8902

L-rostral ACC L-MCC 24 250 3 −9 39 −4.3242

L-STG 22 116 −60 −39 15 −4.1172

R-rostral ACC L-MFG 10 105 −33 51 33 −4.706

L-perigenual R-ANG 39 149 57 −63 24 −5.5247

L-MTG 21 109 −63 −57 21 −4.3724

L-subgenual L-MTG 39 124 −48 −39 18 −4.2393

MDD, major depressive disorder; HC, healthy control; L, left; R, right; ACC, anterior cingulate cortex; SFG, superior frontal gyrus; MFG, middle frontal gyrus; SMG, supramarginal gyrus;
STG, superior temporal gyrus; MTG, middle temporal gyrus; ANG, angular gyrus; ACCsup, anterior cingulate cortex supracallosal; MCC, middle cingulate & paracingulate gyri.

CTQ total score and HAMD-cognitive disturbance factor. This
mediation analysis indicated that the impairment of executive
control function caused by childhood trauma may embed latent
vulnerability to MDD.

In our current study, compared with HCs, MDD patients
showed a reduction in FC between the bilateral dorsal ACC
and left MFG, right SFG and right SMG. Dorsal ACC is
responsible for coordinating and integrating information to guide
behavior. The SFG and MFG are located within the DLPFC
that is involved in planning complex cognitive behavior, making
decisions, and regulating emotions (61). The SMG is a part of
the inferior parietal lobule (IPL). The CCN, which is mainly
responsible for aspects of cognitive processing such as working
memory, decision-making, and attentional allocation, is composed
of the dorsal ACC, DLPFC, and IPL (62–65). The reduction
in FC between the dorsal ACC and left MFG, right SFG and
right SMG indicates a functional disruption within the CCN
in MDD patients, which may contribute to MDD patients’
difficulty in ignoring negative valence and stimuli from entering

and remaining in the working memory, leading to rumination,
which is a core feature of MDD (31). These findings are
consistent with prior studies (16, 66, 67). Furthermore, previous
studies have observed that the increased metabolic CCN is
responsible for the remission of depression (66, 68, 69). This
suggested that the important role of dACC activity in depression
physiopathology.

This present study demonstrated that both attenuated FC
between the perigenual/subgenual ACC and MTG and reduction
in FC between the perigenunal ACC and ANG were found in
MDD patients relative to HCs. The perigenual and subgenual ACC
belong to the affective division of the ACC, which is an essential
component of the affective network (AN) (70). The AN is presumed
to be involved in emotional processing including fear, vigilance, and
autonomic and visceral regulation (71, 72). The MTG and ANG are
key hubs of the DMN which is responsible for emotion regulation,
future planning, and self-observation (73). In MDD, the decreased
FC between the subgenual/perigenual ACC and MTG can disrupt
the communication of the AN to the DMN and result in emotional
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FIGURE 4

Scatter plots of partial correlation between significant FC and the target scales in MDD group. (A) Positive partial correlation between FC of left
caudal ACC to left MFG and CTQ total score. (B) Positive partial correlation between FC of left caudal ACC to left MFG and CTQ-Physical neglect
score. (C) Positive partial correlation between FC of right caudal ACC to left MFG and CTQ-Physical neglect score. (D) Positive partial correlation
between HAMD-cognitive and CTQ-Total score. All correlations showed in this figure were constructed after controlling gender, age, years of
education, duration of illness, and mean frame displacement value. MDD, major depressive disorder; FC, functional connectivity; CTQ, Childhood
Trauma Questionnaire; CTQ-EN, emotional neglect subscale of childhood trauma questionnaire; CTQ-PN, physical neglect subscale of childhood
trauma questionnaire; ACC, anterior cingulate cortex; MFG, middle frontal gyrus.

FIGURE 5

Mediation analysis for effect of the FC between bilateral caudal ACC and left MFG on the relationship between childhood traumatic (CTQ total
score) and HAMD-cognitive disturbance factor (HAMD-cognitive score) in MDD group. For the path coefficient: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.
CTQ, Childhood Trauma Questionnaire; HAMD-cognitive, Hamilton Depression Scale-cognitive disturbance factor; FC, functional connectivity;
ACC, anterior cingulate cortex; MFG, middle frontal gyrus; β, standardized regression coefficient; Cl, confidence interval.

regulation deficits. Several previous studies have supported these
observations. One researcher found that MDD patients showed
decreased subgenual ACC FC with the MTG; angular gyrus and
posterior cingulate cortex (PCC) were related to higher depressive
symptoms (74). Peng et al. (37) found a reduction in FC between
the perigenual ACC and the DMN.

Currently, this is the first study examining the effect of
MDD and CT on the FC of ACC subregions in MDD patients
and HCs (with moderate-to-severe and with no or low CT).
We used this study design to investigate separately as well
as jointly the effects of MDD and CT on the FC of ACC
subregions. Moreover, all MDD patients were medication-naive,
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removing the possibility of medication effects confounding the
results. However, this study has several limitations. The severity
of trauma was primarily determined by self-reported CTQ score,
which may be influenced by recall bias; however, recent studies
have demonstrated that subjective self-reported maltreatment is
a reliable predictor of psychopathology (75). Since the results
presented in the current study are based on the ROI-based FC,
we may overlook potential findings. Other ROI-free FC analysis
methods [e.g., functional connectivity density (FCD) (76)] should
be considered in future studies. Neuroticism is an important
risk factor for the development of MDD. A recent meta-analysis
demonstrated that neuroticism was positively correlated with the
activity of the subgenual ACC (77). Future studies should assess
CT and the level of neuroticism in MDD patients, and then clarify
more clearly the effect of CT on ACC functional activities in
MDD without the influence of neuroticism. These findings should
be interpreted with caution due to the relatively small samples
of subjects in the MDD patients with low or no CT and HCs
with moderate-to-severe CT groups; thus, it is recommended that
more patients be included in future studies. Moreover, a high
level of anxiety symptoms in MDD patients might have possibly
affected these results in the current study; however, there was no
significant correlation between the HAMA scores and the ACC
subregions FC. Patients with depression without anxiety symptoms
should be recruited to validate the findings of the current study
in the future. Finally, this study is cross-sectional, which makes
causality determination difficult; a longitudinal design would be
particularly helpful in future research to clarify the way CT affects
depression onset.

Conclusion

In summary, this study investigated the FC of ACC subdivisions
in first-episode, drug-naive MDD patients with moderate-to-severe
and with no or low CT. Compared to the HCs, MDD patients
showed decreased FC of the caudal ACC/dorsal ACC and the
regions of the CCN (SFG, MFG, and SMG), and reduction in
FC between the subgenual/perigenual ACC and the key regions
of the DMN (ANG and MTG) indicated that depression might
be caused by abnormal functional interactions between the brain
areas in both the DMN and CCN. Individuals with moderate-to-
severe CT demonstrated an increased FC of caudal ACC-MFG,
indicating that the disrupted functional integration of caudal ACC
may be characteristic of CT. Furthermore, enhanced FC of caudal
ACC-MFG mediated the association between CT and depression,
suggesting that the aberrant functional integration between caudal
ACC and MFG is pivotal in understanding the link between
depression and CT. In light of these findings, it may be possible
to develop a better understanding of the roles of specific ACC
subregions in MDD pathophysiology and the neurophysiological
basis of the association between CT and MDD.
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The efficacy and cerebral 
mechanism of intradermal 
acupuncture for major depressive 
disorder: a study protocol for a 
randomized controlled trial
Xiaoting Wu 1,2†, Mingqi Tu 1,2†, Nisang Chen 1,2, Jiajia Yang 3, 
Junyan Jin 1,2, Siying Qu 1,2, Sangsang Xiong 1,2, Zhijian Cao 3, 
Maosheng Xu 3, Shuangyi Pei 2, Hantong Hu 2, Yinyan Ge 2, 
Jianqiao Fang 2* and Xiaomei Shao 1,2*
1 Key Laboratory for Research of Acupuncture Treatment and Transformation of Emotional Diseases, The 
Third Clinical Medical College, Zhejiang Chinese Medical University, Hangzhou, China, 2 The Third 
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Hospital of Zhejiang Chinese Medical University, Hangzhou, China

Background: Major depressive disorder (MDD) has emerged as the fifth leading 
cause of years lived with disability, with a high prevalent, affecting nearly 4% 
of the global population. While available evidence suggests that intradermal 
acupuncture may enhance the effectiveness of antidepressants, whether its 
efficacy is a specific therapeutic effect or a placebo effect has not been reported. 
Moreover, the cerebral mechanism of intradermal acupuncture as a superficial 
acupuncture (usually subcutaneous needling to a depth of 1–2 mm) for MDD 
remains unclear.

Methods: A total of 120 participants with MDD will be enrolled and randomized 
to the waiting list group, sham intradermal acupuncture group and active 
intradermal acupuncture group. All 3 groups will receive a 6-week intervention 
and a 4-week follow-up. The primary outcome will be measured by the Hamilton 
Depression Rating Scale-17 and the secondary outcome measures will be  the 
Self-Rating depression scale and Pittsburgh sleep quality index. Assessments will 
be  conducted at baseline, 3 weeks, 6 weeks, and during the follow-up period. 
In addition, 20 eligible participants in each group will be  randomly selected to 
undergo head magnetic resonance imaging before and after the intervention to 
explore the effects of intradermal acupuncture on brain activity in MDD patients.

Discussion: If the intradermal acupuncture is beneficial, it is promising to 
be included in the routine treatment of MDD.

Clinical Trial Registration: Clinicaltrials.gov, NCT05720637.
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major depressive disorder, intradermal acupuncture, cerebral mechanism, magnetic 
resonance imaging, magnetic resonance spectroscopy, selective serotonin reuptake 
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Background

Major depressive disorder (MDD) is a mental disorder 
characterized by behavioral, cognitive, and emotional changes. It has 
emerged as the fifth leading cause of years lived with disability (GBD 
2016 Disease and Injury Incidence and Prevalence Collaborators, 
2017), affecting nearly 4% of the global population with an annual 
incidence of approximately 290 million cases (1). Symptoms of MDD 
include low self-esteem, loss of interest or pleasure, social withdrawal, 
poor concentration, insomnia, poor appetite or overeating, and in 
severe cases, self-harm and suicide (2, 3). Given its chronicity and high 
relapse rate, MDD is difficult to treat and has a serious long-term 
impact on the quality of life of patients. It has been regarded as a major 
public health concern.

Given the complexity of genetic and environmental factors, 
several hypotheses for the pathogenesis of MDD have been derived. 
Available evidence suggests that genetic mutations, oxidative stress, 
chronic inflammation, peripheral hormone-type factors 
dysregulation, and neurotransmitter dysfunction (e.g., serotonin 
5-HT) may drive the development of MDD (4–6). For example, in a 
chronic mild stress model of MDD, structural damage in the 
hippocampus, hypothalamus and cortex could be observed, which 
may have contributed to the depression-like behavior (7–9). The 
prefrontal cortex (PFC) plays a critical role in the interaction between 
the central and the autonomic nervous system (10, 11). Dysfunction 
of the PFC results in impairment of emotional memory circuits and 
aversive learning, followed by chemical dysregulation, ultimately 
leading to cognitive changes and disturbed behavioral responses in 
MDD (12, 13). What is more, the monoamine hypothesis is widely 
regarded as the prevailing theory in the pathogenesis of MDD, with 
particular emphasis on the 5-HT hypothesis (14, 15). This point that 
reduced 5-HT levels increase the risk of developing MDD, which 
provides the underlying rationale for selective serotonin reuptake 
inhibitor (SSRI) as the frontline antidepressant (4, 16). Nevertheless, 
a recent systematic review has cast doubt on the consistency of 
evidence suggesting that MDD is linked to or caused by decreased 
5-HT activity (17). Notably, long-term antidepressant administration 
may even lead to a decrease in plasma 5-HT, adding to the confusion 
surrounding the actual relationship between MDD and 5-HT 
(18–20).

When it comes to the treatment of MDD, it is based on symptom 
control and devoted to restoring the patient’s psychological and 
physical function to baseline levels (21). Clinical evidence-based 
treatments for MDD consist of antidepressants such as selective 
serotonin reuptake inhibitors (SSRIs), as well as psychological 
interventions such as counseling, behavioral activation, cognitive 
behavioral therapy, and interpersonal therapy (22, 23). Generally, 
SSRIs are the frontline antidepressant for MDD with overall 
effectiveness, but they have some limitations, including delayed onset, 

inadequate response, side effects, drug resistance, or withdrawal 
syndromes in long-term use, which negatively impact treatment 
outcomes (24, 25). Or worse, instead of achieving remission, some 
patients exacerbate emotional or somatic symptoms, increasing the 
risk of comorbidities (26, 27). While newer antidepressants, such as 
Vilazodone and Vortioxetine, may improve the tolerability and 
efficacy with a lower risk of adverse effects, they are often prohibitively 
expensive and not available in generic formulations, making it 
challenging to meet the daily needs of MDD patients (2, 28). Hence, 
given the limitations of current antidepressants, there is a pressing 
need for new (combination) treatments that can improve efficacy 
and safety.

One such treatment option is acupuncture, a component of 
Traditional Chinese Medicine that has been used internationally for 
the treatment of MDD (29, 30). Treatment with acupuncture alone 
or in combination with appropriate adjuncts has been reported to 
be significantly effective in reducing the severity of MDD, relieving 
patients’ somatic symptoms, and improving sleep (31, 32). Compared 
to SSRIs-only, acupuncture combined with SSRIs for MDD has a 
faster onset of effect and fewer side effects (33). Despite these 
promising findings, the quality of these studies was poor. As noted by 
the Cochrane review, there was no evidence of differences in adverse 
effects between acupuncture and control acupuncture/usual 
treatment in most studies (29). Moreover, effect expectations and 
placebo effects have not been clearly elucidated, and these might lead 
to an overestimation of the actual therapeutic effects of acupuncture. 
In this way, it is essential to evaluate the effect expectations, integrity 
of blinding, incidence of adverse events rate, and treatment adherence 
in both the acupuncture and controls to improve the quality of 
the study.

Among the various acupuncture methods, intradermal 
acupuncture (IA) is a treatment method that uses short indwelling 
needles retained under the skin to produce continuous stimulation 
for long-lasting efficacy (34). This method is characterized by its ease 
of operation, painlessness, convenience, and negligible interference 
with the patient’s daily activities. It can facilitate patient compliance 
and treatment effectiveness, making it an ideal choice for treating 
chronic diseases such as insomnia and MDD (34, 35). Evidence from 
studies supported that IA can significantly reduce the Pittsburgh 
sleep quality index (PSQI) scale scores and effectively improve 
insomnia symptoms (35, 36). Insomnia is one of the key risk factors 
for MDD, and while IA has been studied for its efficacy in alleviating 
insomnia, there is limited research on its therapeutic effects and 
mechanisms on MDD (37, 38). One preliminary clinical study 
revealed that IA could improve Beck Depression Inventory scores in 
patients with MDD (37), and another demonstrated that at 2 weeks 
after the intervention, patients in the AIA combined with SSRIs 
group showed a significant decrease in the Hamilton Depression 
Rating Scale-17 (HAMD-17) and the Self-Rating Depression Scale 
(SDS) scores compared to the SIA combined with SSRIs group, 
indicating that IA enhanced the antidepressant efficacy of SSRIs (38). 
However, both studies had limitations such as small sample sizes, 
short observation periods, and no investigation of medication side 
effects. Thus, high-quality clinical studies on the efficacy of IA for 
MDD are still lacking.

Functional magnetic resonance imaging (fMRI) is a common 
neuroimaging method with characteristics of non-invasive, 
non-radiation exposure and high spatial resolution for observing 

Abbreviations: MDD, Major depressive disorder; IA, Intradermal acupuncture; AIA, 

Active intradermal acupuncture; SIA, Sham intradermal acupuncture; SSRIs, 

Selective serotonin reuptake inhibitors; RCT, Randomized controlled trial; MRI, 

Magnetic resonance imaging; rs-fMRI, Resting state-functional MRI; MRS, Magnetic 

resonance spectroscopy; HAMD-17, Hamilton depression rating scale-17; SDS, 

Self-Rating depression scale; PSQI, Pittsburgh sleep quality index; ACC, Anterior 

cingulate cortex; PFC, Prefrontal cortex.
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brain activity in human (39). There are 3 methods to analyze fMRI 
data to present the homogeneity and spontaneous activity of the brain: 
functional connectivity (FC) describes the synchronicity between 
different regions, while regional homogeneity (ReHo) and amplitude 
of low frequency fluctuation (ALFF) describe the homogeneity and 
intensity of regional activity, respectively (40). In MDD, emotion-
related brain regions mainly include the PFC, anterior cingulate cortex 
(ACC), amygdala, hippocampus, and hypothalamus. Compared to 
healthy controls, MDD patients showed abnormalities in these regions 
in ALFF, ReHo, and FC, which may be related to the development and 
severity of MDD (41–44). These findings suggest that impaired 
function of specific brain regions may be  associated with the 
development and severity of MDD. In addition, abnormal levels of 
γ-aminobutyric acid (GABA) and glutamate acid (Glu) have been 
found in the ventral PFC/ACC of MDD patients based on magnetic 
resonance spectroscopy (MRS), an fMRI-based technique commonly 
used to detect levels of multiple neurotransmitters or metabolites in 
the brain (45, 46).

However, there were few studies on the therapeutic mechanisms 
of IA and no neuroimaging evidence. As previously mentioned, fMRI 
has been used not only to observe activity in specific brain regions in 
MDD patients, but also to quantify the brain response induced by 
acupuncture for MDD in an attempt to illuminate the cerebral 
mechanism (47). Importantly, the activity in brain regions such as the 
ACC, hypothalamus, amygdala and dorsolateral PFC, was found to 
be positively correlated with the efficacy of acupuncture for MDD, 
suggesting that acupuncture can improve depressive symptoms by 
modulating brain networks (47–49). What this evidence focused on, 
however, was the cerebral mechanism of manual and 
electroacupuncture for MDD, and not IA. To date, there has been no 
report on whether the cerebral mechanisms of IA as superficial 
acupuncture (usually needling to a depth of 1–2 mm subcutaneously) 
for MDD are consistent with those of deep acupuncture. Previous 
studies have revealed that the effects of acupuncture are strongly 
influenced by the depth of needling, as the cutaneous and deep 
tissues innervated by the somatosensory system show different 
densities of innervation (50, 51). Additionally, Feng et al. analyzed 
the brain network connectivity in patients with mild cognitive 
impairment who received deep or superficial stimulation using fMRI, 
and found significant differences in correlations between specific 
brain regions (52). These studies have provided insight into the 
differing mechanisms of treatment with deep and superficial 
acupuncture. As such, the antidepressant mechanism of IA needs to 
be further explored.

Together, we design a randomized controlled trial (RCT) with two 
aims. First, the clinical efficacy and safety of AIA for MDD will 
be  evaluated by comparing with the SIA/waiting list. Second, the 
effects of AIA on brain activity of MDD patients will be detected by 
fMRI and MRS, and the correlation between the effects and clinical 
variables will be analyzed to initially explore the cerebral mechanisms 
of AIA on MDD.

Methods

This study is a 10-week trial with a randomized block method in 
which patients with MDD will be allocated in a balanced ratio (1:1:1). 
This study protocol is reported based on the Standard Protocol Items: 

Recommendations for Intervention Trials (SPIRIT) statement. More, 
this study has been approved by the Medical Ethics Committee of the 
Third Affiliated Hospital of Zhejiang Chinese Medical University 
(approval number: ZSLL-KY-2022-001–01-01), and is registered 
within the ClinicalTrials.gov Identifier: NCT05720637.

Study design

This study is a double-blind, randomized controlled trial. 
Participants will be randomized into waiting list group (patients in 
this group will be  treated with SSRIs only), sham intradermal 
acupuncture combined with SSRIs (SIA) group and active intradermal 
acupuncture combined with SSRIs (AIA) group in a 1:1:1 allocation 
ratio. The flow chart shown in Figure  1 illustrates the trial in 
more detail.

Setting

The trial will be conducted at the Third Affiliated Hospital of 
Zhejiang Chinese Medical University, Tongde Hospital of Zhejiang 
Province and Hangzhou First People’s Hospital.

Participant recruitment

A total of 120 eligible participants will be recruited from three 
centers. The recruitment will be  advertised online or offline and 
participants can contact the researcher via WeChat or telephone. 
Eligible volunteers will be invited to participate in the study. After 
confirming the details of the study process, they will sign an informed 
consent form and undergo a baseline assessment.

Sample size

Combining the relevant literature with our preliminary 
pre-experiment, it was predicted that the mean reduction in HAMD 
for each group at the end of the intervention would be 12.1, 9.7, and 
9.5 with standard deviations of 2.7, 3.7, and 3.2, respectively. When 
α = 0.05, 1-β = 0.9 and the sample sizes of the 3 groups are equal, a 
sample size of 32 per group is calculated using the PASS 15 software. 
Allowing for the possibility of loss and attrition (20%), 40 subjects per 
group, for a total of 120, is reasonable.

In addition, relatively stable results could be  obtained in 
neuroimaging studies with 20 subjects per group (53, 54). Therefore, 
20 eligible subjects from each group will be randomly selected and 
undergo head MRI scans before and after the intervention.

Eligibility criteria

Inclusion criteria
Participants with all of the following criteria will be included:
(1)  Patients diagnosed with MDD according to the 

International Classification of Disease-10 (ICD-10); 
HAMD-17 ≥ 17;
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(2) Aged between 18 and 60 years (no limitation on gender);
(3) Administration of SSRIs at least 6 weeks;
(4)  Patients undergoing MRI and MRS should be right-handed 

and free of traumatic brain injury, claustrophobia or 
metal implants;

(5) Written informed consent is obtained by the person.

Exclusion criteria
Participants with any of the following criteria will be excluded:
(1)  ICD-10 diagnoses: schizophrenia, bipolar disorder, manic 

episode or other psychotic disorders; alcohol and drug 
addiction; a current substance use disorder and lifetime 
history of substance abuse;

(2)  Significant skin lesions, severe allergic diseases, tumors, and 
severe or unstable internal diseases involving the 
cardiovascular, digestive, endocrine, or 
hematological system;

(3)  Positive suicidal tendency (suicidal intent and recent 
suicidal behavior) is determined by any affirmative response 
to items 5 or 6b or 7b of the Columbia-suicide severity 
rating scale;

(4) Allergy to adhesive tape, fear of intradermal acupuncture;
(5) Pregnancy and lactation;
(6) Mental retardation and difficulty cooperating with doctors;
(7)  Previously treated with intradermal acupuncture or 

participating in other clinical trials.

Withdrawal criteria and management

Withdrawal or dropout criteria
(1)  Serious adverse reactions or other unexpected events that 

make continued participation in the study inappropriate.
(2) Difficulty in cooperation and poor compliance.
(3)  Participants use a treatment that is prohibited in this study 

or does not follow medical advice to change the dose 
of medication.

(4)  Participants have a serious adverse reaction related to 
acupuncture treatment.

(5)  Participants voluntarily withdraw from the study, but those 
receiving more than 1/2 session should be counted in the 
efficacy statistics.

Withdrawal management
Details of all withdrawn participants should be recorded on 

the case report files (CRF) to ensure credibility and transparency. 
For participants who withdraw due to adverse reactions or 
unexpected events, the researcher should make a detailed record 
on the CRF and the psychiatrist should take appropriate measures 
according to the participant’s actual condition. Once participants 
are enrolled in the trial in order, those receiving more than 1/2 
sessions should be  counted in the efficacy statistics. An 
intentionality analysis will be conducted on all eliminated and 
withdrawn participants.

FIGURE 1

Flowchart of this study.
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Randomization and allocation 
concealment

Eligible participants will be assigned to the waiting list group, SIA 
group and AIA group with a random block scheme using SPSS 25 
(SPSS Inc., Chicago, IL, United States) software, which will be stratified 
by the sex and age. The block size will adopt 6. Then, the random 
numbers will be  placed in sealed envelopes by an independent 
assistant, and provided to the participants after the baseline assessment.

Blinding

Participants, outcome assessors and statisticians will be blinded to 
the group allocation. Due to the proprietary treatment modalities of 
acupuncture, it is not possible to blind acupuncturists, and therefore 
they will be instructed not to communicate with participants about 
the treatment allocation. Acupuncture will be  performed in an 
isolatable room to avoid communication between participants, thus 
ensuring a good implementation of the blinding method.

Intervention

Medication administration and acupuncture will be performed by 
certified psychiatrists and acupuncturists, respectively. Acupuncturists 
will receive specific training to fully understand the standardized 
operation, including acupoints selection and positioning, acupuncture 
manipulation and frequency.

Antidepressant medication

All eligible participants will be treated with oral SSRIs. Before 
being included, participants should have been taking SSRIs for at least 
6 weeks to achieve stable antidepressant treatment, and those who do 
not respond well to SSRIs will be excluded. For participants not taking 
SSRIs before this trial, the medication dose will be increased to the 
recommended level (20 mg/d for fluoxetine, paroxetine and 
citalopram, 10 mg/d for escitalopram, 50 mg/d for sertraline and 
100 mg/d for fluvoxamine) (55). This dosing regimen has been widely 
used in China. If the participant tolerates the initial SSRI medication 
poorly, the psychiatrist will switch the prescription to another SSRI 
according to the medication protocol, and they should be  in an 
antidepressant regimen stable before enrollment. Moreover, the 
researcher should not change the antidepressant regimen during the 
trial. Although temporary administration of Valium is allowed, it 
should be approved by a psychiatrist and recorded in detail on the 
CRFs. Participants will be instructed to keep a medication diary for 
the psychiatrist to assess compliance with treatment.

Waiting list

Participants randomly assigned to the waiting list group will 
be treated with SSRIs only for 6 weeks, they could choose 6 weeks’ 
intradermal acupuncture treatments free of charge after the 
clinical trial.

Active intradermal acupuncture

Participants randomly assigned to the AIA group will receive an 
acupuncture intervention for approximately 6 weeks, once every 
4 days, for a total of 10 times. In Traditional Chinese Medicine (TCM) 
theory, the principles of treatment for MDD are dispersing stagnated 
hepatoqi and tranquilize the mind. Therefore, 4 commonly used 
acupoints (all taken bilaterally) with such effects will be selected as 
targets in this trial, namely Shenmen (HT7), Neiguan (PC6), 
Sanyinjiao (SP6) and Taichong (LR3); (Figure 2). Depending on the 
location of the acupoint, a φ0.20*1.5 mm or φ0.20*1.2 mm AIA 
(SEIRIN Co., Japan) will puncture perpendicularly and retained in the 
skin. It will be retained for 72 h and removed and rested for 1 day. 
During the retention period, participants will be  asked to apply 
pressure 3–4 times a day for approximately 1 min at 4-h intervals, 
stimulating as much as tolerated (Table 1).

Sham intradermal acupuncture

The SIA (SEIRIN Co., Japan) has the same size, color and material 
as the AIA, but with a thin silicone pad in the middle instead of a 
needle body (Figure 3). SIA will also be attached to the acupoints and 
retained for 72 h, then removed for a day’s rest (Table 1). A total of 10 
treatments will be administered over 6 weeks.

Outcomes

Table 2 shows details of assessments at enrollment, allocation, 
treatment, and follow-up periods.

Primary outcome
Changes in the Hamilton Depression Rating Scale-17 (HAMD-

17) Scores.
In this trial, changes in HAMD-17 scores measured between 

baseline and 6 weeks of treatment will be  defined as the primary 
outcome. The HAMD-17 is used to assess the severity of clinical 
depressive symptoms and the effectiveness of treatment before and 
after clinical trials (56, 57). It includes anxiety/somatization, cognitive 
impairment, retardation, sleep disorder and weight changes. A higher 
HAMD-17 score indicates a greater severity of MDD symptoms, 
which are classified into the following four levels: 0–7 is normal, 8–16 
is mild, 17–23 is moderate and 24 or more is severe (58).

Secondary outcome
Secondary outcomes are MDD symptoms, sleep quality and 

adverse events during the intervention. They include the changes in 
SDS (week 3, 6 and 10) and PSQI (week 3, 6 and 10) compared to the 
baseline period. Also, changes from baseline in HAMD-17 scores at 
weeks 3 and 10 will be measured.

The SDS items are chosen based on depression symptom factor 
analytic investigations (59). The standard score is the total of all 
scores multiplied by 1.25 to the nearest whole number on this scale, 
which has 20 questions. The SDS is designed in such a way that the 
less depressed patients’ chief complaint scores are lower, while the 
more depressed patients’ chief complaint scores are higher. A 
standard score below 50 is normal; 50–59 is mild; 60–69 is moderate; 
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70 or more is severe (60). The SDS is frequently used in the 
assessment of clinical MDD due to its high sensitivity and good 
internal consistency (61).

The PSQI is a self-assessment questionnaire developed by 
psychiatrist Dr. Buysse in 1989 and is commonly used to assess the 
quality of sleep during the preceding month (62). It has 19 items 
covering 7 factors, namely subjective sleep quality, latency, duration, 
efficiency, disorders, medication use, and daytime dysfunction, with 
a total score of 21. Higher scores on the PSQI indicate poorer quality 
of sleep, with a threshold score of 7.

MRI and MRS data acquisition

For getting high-quality MRI scans, not only will the radiologist 
receive standardized training, but the participants will also be given 
uniform instructions. Specifically, during the MRI and MRS test, 
patients will be  instructed to lie flat and relaxed, as well as the 
radiologist will stabilize the patient’s head with a head mask and 
sponge, and put earplugs in their ears to reduce noise stimulation 
from the device. Patients are scanned before and after the treatment 
session (week 0 and week 6, respectively).

All scans will be performed with a 3.0 Tesla MR scanner (GE 
Discovery MR750, GE Healthcare, Chicago, IL, United States). The 
8-channel head coil is used for signal reception to obtain the 
T1-weighted structural image and echo-planar T2*-weighted image 
(EPI). MRI and MRS data acquisition will be performed in the absence 
of definite intracranial abnormalities after routine serial axial scans 
have ruled out intracerebral organic lesions or pseudo-images.

Structural images will be acquired by 3D T1BRAVO sequence: 
time of repetition (TR) = 8.2 ms, time of echo (TE) = 3.2 ms, flip 
angle = 12, field of view (FOV) = 256 mm × 256 mm, matrix = 512 × 512, 
and slice thickness = 1 mm. Resting state functional data will 
be obtained via EPI for 240 time points in the sequence: TR = 2000 ms, 
TE = 35 ms, flip angle = 90, slice thickness = 5 mm, slice gap = 1 mm, 
FOV = 256 mm × 256 mm, and matrix = 64 × 64. 1H-MRS will 
be performed using point-resolved echo spin spectroscopy (PRESS) 
with single voxel multiple acquisitions, the region of interest (ROI) is 
proposed to be  the hypothalamus, and scan parameters of 
TR = 2,200 ms, TE = 35 ms, voxel size = 13 mm × 12 mm × 10 mm, total 
number of scans = 64, number of excitations (NEX) = 8, automatic 
machine homogenization, water suppression. Pre-scan auto-leveling 
will require full width half height (FWHM) <13 Hz and water 
suppression >95%. The functional images will be pre-processed using 

FIGURE 2

Acupoints and locations. The locations of Neiguan (PC6), Shenmen (HT7), Sanyinjiao (SP6), and Taichong (LR3).

TABLE 1 Details on active IA and sham IA.

No. Acupoint Active intradermal acupuncture Sham intradermal acupuncture

Method Frequency Needle sizes Method Frequency Needle sizes

1 Taichong (LR3) Punctured 

perpendicularly and 

retained in the skin, 

applying pressure 4 

times a day.

Retained for 72 h 

each time,10 times in 

total.

φ0.20*1.5 mm Attached to the skin 

surfacewithout 

applying pressure.

Retained for 72 h 

each time,10 times in 

total.

—

2 Neiguan (PC6) φ0.20*1.2 mm

3 Sanyinjiao (SP6) φ0.20*1.5 mm

4 Shenmen (HT7) φ0.20*1.2 mm
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the software DPARSF, and the metabolite spectra will be processed 
and analyzed through the LCModel.

In addition, with the increased accessibility of brain MRI 
techniques in scientific research, incidental findings such as anatomic 
variants, white matter changes, intracranial tumors or cystic lesions 
have become common (63). The percentage of reported incidental 
findings ranged from 2 to 32%, and it is closely related to the field 
strength, sequence and the subject cohort (64, 65). This trial is the first 
study on the cerebral mechanisms of IA for MDD based on fMRI and 
MRS. Before and after the intervention, changes in brain activity will 
be analyzed to initially explore the effects of IA on the brain regions 
of MDD patients. Unlike clinical practice, the number of structural 
sequences in mechanistic studies is limited. This makes it hard to 
change the protocol when incidental findings are encountered during 
the study, therefore incidental findings will be  managed by 
classification (64, 66). For normal variations (Category I) without clear 
diagnostic consequences, no reports will be  made. For additional 
medical clarification (Category II) and emergency clarification 
(Category III), additional MR sequences or other methods will 
be performed by radiologists to confirm these incidental findings, and 
inform the participant of the results (64, 66). At the same time, these 
data that affect the analysis will be excluded.

Evaluation of acupuncture expectation and 
compliance

A six-point method (0–5 point) will be used to assess acupuncture 
expectations before the first acupuncture intervention. The higher the 
score, the higher expectation of efficacy, and those who cannot believe 
acupuncture at all will write down why. At the end of the acupuncture 
intervention (end of week 6), compliance will be evaluated with the 

formula: Compliance Rate = (actual treatment times/total treatment 
times) *100%.

Blind success rate evaluation

At the end of the last treatment, the percentage of patients in the 
SIA and AIA groups who consider themselves to have been treated 
with acupuncture will be compared.

Adverse events

The details of all adverse events in this study will be recorded on 
CRFs, and the patients will be properly and timely managed. Adverse 
events such as bleeding, hematoma, or unbearable pain caused by the 
needle, as well as drug-induced nausea, vomiting or dizziness, will all 
be  recorded. Serious adverse events will be  reported to the 
ethics committee.

Quality control and data management

Before the conduct of the formal trial, professional clinical 
training will be provided to familiarize researchers with the process 
and focus on implementation details. They will sign a standard 
operating procedures document and relevant confidentiality 
commitment. The quality of the data for all enrolled participants will 
be checked regularly. The researcher will submit CRFs to the data 
management center, where the clinical research associate (CRA) will 
check for accuracy and issue queries on inconsistent data, which will 
then need to be clarified by the researcher.

FIGURE 3

Active intradermal acupuncture (AIA) and sham intradermal acupuncture (SIA). (A) shows the AIA with an intradermal needle, while (B) shows the SIA 
with a thin silicone pad.
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To ensure the authenticity, completeness and accuracy of the trial 
data, researchers will be instructed to record participants’ data on the 
original paper CRFs following the protocol.

Statistical analyses

All analyses will be performed by blinded statisticians using the 
IBM SPSS 25.0 software. MRI data are pre-processed using DPARSF 
software for functional connectivity images, while MRS data are 
pre-calibrated using LCModel software. Normally distributed 
continuous variables will be  presented as the mean ± SD, and 
non-normal variables as the median and interquartile range. 
Generally, the Kruskal-Wallis test will be used to compare the inter-
group changes among all three groups, the Chi-square (χ2) test will 
be used for the categorical variables, and the generalized (logit) mixed 
modeling for the repeatedly measured data. Statistical significance will 
be defined as a value of p<0.05.

Discussion

MDD is characterized by a high incidence, low cure rate and high 
recurrence rate. It lacks effective and safe treatment options. Although 

numerous studies have shown acupuncture is effective in attenuating 
antidepressant side effects and alleviating depressive symptoms, its 
treatment specificity is often questioned owing to poor trial design 
and management, making it difficult to provide robust conclusions. 
Consequently, there is an urgent need for a high-quality RCT to 
be conducted.

The aim of this study is to evaluate the efficacy and safety of IA 
for MDD. To minimize potential sources of bias and imprecision that 
could affect clinical outcomes, several measures will be implemented. 
Firstly, participants will be  recruited from multiple centers and 
randomly assigned to the AIA, SIA, and waiting groups in a 1:1:1 
ratio, thus reducing selection bias. Secondly, to ensure blinding and 
reduce performance bias, sham intradermal needles that are 
indistinguishable in appearance from the active will be used, and only 
participants who have not previously received IA will be included in 
the study. Additionally, participants in the acupuncture group (both 
SIA and AIA groups) will be surveyed to confirm successful blinding 
at the end of the intervention. While acupuncturists cannot 
be blinded, they will be  instructed not to reveal any information 
about group assignments to participants. Thirdly, another potential 
source of bias is the effects of patient expectations and compliances. 
Therefore, these factors will be quantified in the acupuncture group 
at the start and end of the intervention to mitigate their impact on 
the true therapeutic effects of IA. Finally, standardized outcome 
assessments will be  used to reduce the risk of imprecision. For 
instance, both clinician-administered (HAMD-17) and self-reported 
(SDS) scales will be  utilized to assess the improvement of MDD 
symptoms, reducing the potential for measurement error on a single 
scale. Outcome assessors will receive uniform training prior to the 
trial and will be blinded to group assignment, which may minimize 
inter-assessor variability. Overall, the measures described above in 
this study design will help reduce the risk of bias and imprecision, 
resulting in a more robust assessment of the efficacy of IA for 
MDD. However, it is worth noting that no study can be entirely free 
of bias, and the results of this study will be interpreted with caution 
and validated by future studies.

Furthermore, due to the portability and simplicity of IA, it is 
almost independent of the operating environment and can be widely 
applicable to MDD. IA can be self-administered at home under the 
guidance of acupuncturists, which will greatly promote patient 
compliance and may be  a promising treatment option for the 
management of MDD. Indeed, availability and generalizability of IA 
may be limited by factors such as age differences, cultural differences, 
access to healthcare, and trained practitioners, which require 
further investigation.

Conclusion

To conclude, in this trial, our focus will be on comparing the 
therapeutic differences among the AIA group, SIA group and wait list 
group to investigate whether AIA positively affects MDD, as well as 
the enhanced effects and safety when combined with SSRIs, ultimately 
clarifies whether the effect of IA is specific or placebo. Furthermore, 
we will explore the effects of IA on emotion-related brain networks 
based on MRI in an attempt to explain the therapeutic mechanisms of 
IA. By this way, this study will provide high-quality clinical evidence 
for IA for MDD, identify the actual efficacy of IA and promote its 
clinical application.

TABLE 2 Assessment during enrollment, allocation, treatment, and 
follow-up.

Screening 
and 

baseline

Treatment Follow-
up

Timepoint Week 0 Week 3 Week 6 Week 10

Eligibility 

Criteria

×

Consent ×

Allocation ×

Interventions:

Active IA

Sham IA

Waiting list

Assessments:

HAMD-17 × × × ×

SDS × × × ×

PSQI × × × ×

MRI × ×

MRS × ×

Acupuncture 

expectation

×

Acupuncture 

compliance

×

Blind success 

rate evaluation

×

Adverse events × × ×

Medication 

record

× × ×

89

https://doi.org/10.3389/fpsyt.2023.1181947
https://www.frontiersin.org/journals/psychiatry


Wu et al. 10.3389/fpsyt.2023.1181947

Frontiers in Psychiatry 09 frontiersin.org

Limitations and future directions

This trial has the following limitations. First, patients will 
be recruited in only one region, Hangzhou (the provincial capital city 
of China), which may introduce regional bias as an influencing factor. 
Second, the sample size is relatively small and a larger sample size will 
be needed to improve the study’s power. Third, a detailed subgroup 
analysis of MDD patients is not performed, and the degree of MDD 
as well as role of comorbid personality disorders will be studied as 
influencing factors in the future. Fourth, the exploration of the 
cerebral mechanisms of IA for MDD in this study is only preliminary. 
Due to the limitation of scanning time, the region of interest for 
performing MRS will be hypothalamus only. It will be extended to 
more emotion-related regions in future studies. Fifth, given the 
characteristics of MDD and to avoid patient questionnaire fatigue, 
only the HAMD-17, SDS, and PSQI scales will be  used. Future 
research will employ additional measures, such as the Back 
Depression Inventory and Quality-of-Life assessments, to assess 
MDD symptoms.
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Abnormal dynamic functional 
network connectivity in patients 
with early-onset bipolar disorder
Ziyi Hu †, Chun Zhou † and Laichang He *

Department of Radiology, First Affiliated Hospital of Nanchang University, Nanchang, China

Objective: To explore the changes in dynamic functional brain network 
connectivity (dFNC) in patients with early-onset bipolar disorder (BD).

Methods: Resting-state functional magnetic resonance imaging (rs-fMRI) data 
were collected from 39 patients with early-onset BD and 22 healthy controls 
(HCs). Four repeated and stable dFNC states were characterised by independent 
component analysis (ICA), sliding time windows and k-means clustering, and 
three dFNC temporal metrics (fraction of time, mean dwell time and number 
of transitions) were obtained. The dFNC temporal metrics and the differences 
in dFNC between the two groups in different states were evaluated, and the 
correlations between the differential dFNC metrics and neuropsychological 
scores were analysed.

Results: The dFNC analysis showed four connected patterns in all subjects. 
Compared with the HCs, the dFNC patterns of early-onset BD were significantly 
altered in all four states, mainly involving impaired cognitive and perceptual 
networks. In addition, early-onset BD patients had a decreased fraction of time 
and mean dwell time in state 2 and an increased mean dwell time in state 3 
(p < 0.05). The mean dwell time in state 3 of BD showed a positive correlation trend 
with the HAMA score (r = 0.4049, p = 0.0237 × 3 > 0.05 after Bonferroni correction).

Conclusion: Patients with early-onset BD had abnormal dynamic properties of 
brain functional network connectivity, suggesting that their dFNC was unstable, 
mainly manifesting as impaired coordination between cognitive and perceptual 
networks. This study provided a new imaging basis for the neuropathological 
study of emotional and cognitive deficits in early-onset BD.

KEYWORDS

early-onset bipolar disorder, magnetic resonance imaging, dynamic functional network 
connectivity, brain imaging, brain functional network

1. Introduction

Alternating depressive and manic or hypomanic episodes occur along with asymptomatic 
periods of euthymia in patients with bipolar disorder (BD), which is a mood disease marked by 
fluctuations in the mood state causing acute dysfunction. The prevalence of BD has exceeded 
1% worldwide, and it is one of the major causes of disability in young people. Moreover, the risk 
of suicide in patients with BD is 20 times higher than that in the general population, and BD 
can lead to serious cognitive dysfunction (1, 2). The incidence of BD shows a bimodal 
distribution with age, with peaks at 15–24 years and 45–54 years (3). The onset of BD is before 
the age of 14 years in approximately 31% of patients and before the age of 20 years in 
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approximately 59% of patients; these patients are considered to have 
early-onset BD (4). The presentation and clinical course of BD seem 
to be related to the age of onset. Patients with early-onset BD have a 
complex and variable condition and are prone to relapse. They tend to 
be more emotionally unstable, have more comorbidities, and more 
frequent suicide attempts and panic episodes, which eventually leads 
to a poor prognosis (5). Most cases of early-onset BD begin in 
childhood or adolescence, a period of greater biological vulnerability 
due to the anatomical and functional immaturity of the brain, 
particularly in the regions responsible for cognition, inhibition, 
emotion and reward (6, 7). Thus, studying the functional changes in 
the brains of people with early-onset BD may help improve the present 
understanding of the neurobiological features of BD.

Resting-state functional magnetic resonance imaging (rs-fMRI) 
is a neuroimaging technique that dynamically measures the blood 
oxygenation level-dependent (BOLD) signal in the brain, reflecting 
neural activity. Brain functional connectivity (FC), which is used to 
analyse the statistical correlation between BOLD signals from multiple 
brain regions at rest, has been widely used in clinical studies to observe 
BD features in adults (8). Anomalies in neuronal communication 
within certain brain networks and circuits, particularly the interactions 
between the default mode network (DMN) and brain regions involved 
in emotion processing, are the focus of research into the 
pathophysiological mechanisms underlying BD (9, 10). During manic 
and depressive episodes as well as during remission, BD patients were 
observed to have altered FC in the prefrontal cortex, inferior frontal 
cortex, cingulate cortex, thalamus, amygdala, and limbic system (11, 
12). Rey et al. identified selective abnormalities in the connectivity 
between the amygdala and DMN regions, including reduced posterior 
cingulate cortex connectivity and increased medial prefrontal cortex 
connectivity (13). Paediatric BD patients had significantly disordered 
functional integration of the DMN and task-positive network/salience 
network, and this altered functional integration was associated with 
emotional and cognitive dysregulation (14). Damage across relevant 
networks may affect the effective cognitive and emotional activities of 
BD patients, who exhibit aberrant FC changes within or between 
certain brain networks. In fact, the human brain is never static, and 
the functional connections of the brain change even in a state of rest. 
The assumption that functional network connections remain 
unchanged during rs-fMRI scans does not adequately reflect the 
spontaneous activity of the human brain.

Dynamic functional network connectivity (dFNC) estimates 
time-varying FC on a temporal scale with good temporal resolution 
and generates high-dimensional datasets. Notably, dFNC actually 
captures changes in the brain’s intrinsic FC during various 
physiological states and may be a more sensitive marker than static FC 
(15–18). Long et al. found greater variability in dFNC in BD patients, 
which was characterised by overconnectivity of the thalamic network 
and the sensorimotor network (SMN) (19). Wang et  al. reported 
reduced dFNC variability between the posterior DMN and right 
central executive network in a triple network model of BD (20). Large-
scale dynamic and holistic brain analysis at the network level can more 
comprehensively describe the variation in brain FC in BD patients. 
The majority of recent neuroimaging studies on BD focused on static 
FC or dynamic FC in local networks or certain specific seed regions 
(20–22). The brain is a vast and sophisticated network, and anomalies 
in specific pathways or localised activity do not yet completely account 
for functional alterations at the level of the entire neural network. 

dFNC assists in the investigation of functional interactions between 
brain networks and the evaluation of their underlying network 
architecture without limiting the scope to a specified set of regional 
connections. There is a serious dearth of research on whole-brain 
dynamic network connection patterns in BD patients, particularly 
those with early-onset BD.

In this study, we compared the dFNC of 39 patients with early-
onset BD with those of 22 healthy controls (HCs) matched for age, sex, 
and years of education. Data-driven independent component analysis 
(ICA) was first used to extract resting-state networks (RSNs), which 
exhibited spatially isolated distribution and temporally correlated 
functional activity in several brain regions. The time series data were 
then windowed, and a dFNC matrix was created using a sliding 
window technique. Subsequently, these matrices were clustered into 
different dynamic states using the k-means algorithm, and finally, a 
state analysis was performed to compare the dFNC and temporal 
metrics between the two groups. Our study aimed to determine 
whether dynamic patterns of organisation within the brain at the 
network level were altered in patients with early-onset BD and to 
assess the relevance of such altered network properties to clinical 
scores. This exploration helped to detect potentially altered functional 
network interactions in patients at the peak onset age and may provide 
some new insights to improve the present understanding of the 
neuropathological mechanisms of the disease.

2. Materials and methods

2.1. Participants

The study was approved by the Biomedical Ethics Committee of 
the First Affiliated Hospital of Nanchang University, and written 
informed consent was obtained from each subject or their guardians 
before the formal study took place. The Structured Clinical Interview-
Patient Version as described in the DSM-IV-TR was used for 
diagnosis, and 39 patients diagnosed with early-onset BD were 
recruited. The severity of each patient’s emotional symptoms was 
assessed using the 24-item Hamilton Depression Rating Scale 
(HAMD-24), the Hamilton Anxiety Rating Scale (HAMA) and the 
Young Mania Rating Scale (YMRS) within 24 h before or after the 
scan. Inclusion criteria for early-onset BD patients were being 
12–20 years of age and meeting the DSM-IV-TR diagnostic criteria 
for BD, including at least one manic, depressive, or remitting episode. 
At the time of scanning, all patients were either medication-naive or 
had been unmedicated for at least 6 months and were not receiving 
psychotherapy or electroconvulsive therapy. Exclusion criteria were 
as follows: organic brain lesions, severe physical or neurologic 
deficits, history of head trauma, drug or alcohol abuse, poor 
compliance with MRI examinations, contraindications to MRI, and 
substandard image quality. We  also randomly recruited 22 HCs 
matched for age, sex, and years of education, excluding those with 
current or past neurological or psychiatric disorders or with any 
history of psychiatric disorders in first-degree relatives as determined 
through a Structured Clinical Interview-Nonpatient Version as 
described in the DSM-IV-TR. The remaining controls were subjected 
to the same exclusion criteria as the patient group. All subjects were 
right-handed according to the Edinburgh Habitual Handedness 
Scale criteria.
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2.2. MRI data acquisition

All MRI data were collected in a Siemens Trio Tim 3.0 T imaging 
system equipped with a standard 8-channel head coil. Functional 
images were acquired using a single-shot gradient-echo EPI sequence 
with the following parameters: TR = 2000 ms, TE = 30 ms, number of 
slices = 30, slice thickness = 4 mm, gap = 1.2 mm, flip angle = 90°, field 
of view (FOV) = 200 × 200 mm2, matrix = 64 × 64, voxel size = 3.0 × 3.0  
× 4.0 mm3, and number of timepoints 240 (8 min 6 s total duration). 
During the scan, subjects were asked to relax, close their eyes, remain 
still, and think of nothing in particular so that images of high quality 
could be  obtained. The 3D T1-weighted gradient-echo sequence 
parameters were as follows: TR = 1900 ms, TE = 2.26 ms, number of 
slices = 176, slice thickness = 1 mm, gap = 0.5 mm, flip angle = 9°, 
FOV = 256 × 256 mm2, matrix = 256 × 256, and voxel size = 1.0 ×  
1.0 × 1.0 mm3.

2.3. Data preprocessing

The rs-fMRI data were preprocessed using GRETNA toolbox 
2.0.0 in MATLAB 2014b. The preprocessing procedure included (1) 
discarding the first 10 time points of the images for MR signal 
equilibrium, (2) slice timing correction, (3) head motion correction, 
(4) space normalisation, registering functional data to the 
corresponding structural T1-weighted image and aligning the T1 
images to Montreal Neurological Institute (MNI) space with 
resampling to a voxel size of 3 × 3 × 3 mm3, and (5) smoothing with an 
isotropic Gaussian kernel of 8 mm full width at half maximum to 
improve the signal-to-noise ratio.

2.4. Ica

The GIFT package1 in MATLAB 2014b was used to separate blind 
sources from the preprocessed fMRI data and decompose them into 
independent spatial components and time series. The process of ICA 
mainly included component estimation, data downscaling, inverse 
reconstruction, component selection, and postprocessing. The specific 
steps were as follows: (1) Component estimation: The best component 
number was estimated from all subjects’ fMRI data based on the 
minimum descriptive length (MDL) criterion, (2) Data downscaling: 
Principal component analysis (PCA) was used to compress and then 
downscale the data, and the Infomax algorithm was used for group 
ICA to decompose the data into independent components (ICs). The 
data downscaling step was repeated 100 times using the ICASSO 
algorithm to determine the ICs with the highest consistency and 
stability, (3) Inverse reconstruction: The temporal and spatial 
components of each subject at the individual level were reconstructed 
by the time–space dual regression method, and the intensity values 
corresponding to each voxel were Fisher-z transformed. The 
z-transformed data approximately obeyed a normal distribution, (4) 
Component selection: The Display GUI module in the GIFT software 
package displayed the obtained components, and ICs associated with 

1 http://icatb.sourceforge.net/

cerebrospinal fluid, motor or vascular evoked pseudoactivation were 
discarded. Maximum spatial overlap and visual examination based on 
the Stanford functional risk standard template resulted in seven RSNs, 
namely, the DMN, frontoparietal network (FPN), dorsal attention 
network (DAN), ventral attention network (VAN), SMN, visual 
network (VN) and auditory network (AUN). In addition, ICA was 
repeated on the data from each the BD and HCs group to verify the 
reproducibility and reliability of the components obtained for both 
groups, and (5) Postprocessing: To remove scanner drift and artefacts 
associated with respiration, heartbeat, and movement, the selected 
components were subjected to detrending, despiking, low-pass 
filtering (0.01 ~ 0.15 Hz) and regression of the realignment parameters.

2.5. dFNC analysis

The dFNC matrix was calculated using a sliding window method. 
Previous studies found that the dynamic state changes in the brain can 
be effectively obtained when the window width is between 30 and 60 s 
(23, 24). In this study, the window width was set to a TR of 30 (60 s), 
and the window was slid along the time axis in steps of 1 TR. The 
Pearson correlation coefficients between all pairs of BOLD signals in 
each window were calculated to construct a series of dynamic 
covariance matrices. Since the covariance estimates of short time 
series were affected by substantial noise, we used the L1 regularisation 
method (number of repetitions = 10) to improve the sparsity of the 
dFNC matrix of each window.

The dFNC matrices of all subjects were clustered using the 
k-means clustering algorithm to assess the frequency and structure of 
recurrent dFNC patterns. In this analysis, the Manhattan city distance 
was used to measure the similarity between different time windows. 
To increase the chance of the clustering algorithm escaping local 
minima, we set the maximum number of iterations to 500 and the 
number of repetitions to 150. The elbow rule was used to determine 
the optimal number of clusters, k = 4. The dFNC matrix of all subjects 
was clustered into four dFNC states, which were recurrent 
instantaneous FC patterns across different windows and subjects. The 
dFNC matrix at the centre of each cluster was called the 
cluster centroid.

Several temporal characteristics were calculated as follows: (i) the 
fraction of time was defined as the ratio of the number of time 
windows in a state to the total number of time windows, (ii) the mean 
dwell time was the average time in a particular state, and (iii) the 
number of transitions was the number of times the subject switched 
from one state to another during the scan time.

2.6. Statistical analysis

The differences in dFNC between the BD and HCs groups were 
analysed directly with the Stats module of the GIFT software package 
using two independent samples t tests with false discovery rate (FDR) 
correction, and p < 0.05 indicated a statistically significant difference. 
The rest of the data were statistically analysed using SPSS 25.0 
software. The age, sex, years of education, clinical neuropsychological 
scores, and dFNC temporal characteristics of the participants in the 
two groups were tested for normality separately, and measures that 
met the criteria for a normal distribution were expressed as the 
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mean ± SD. The difference between the groups was compared by two 
independent samples t tests. The chi-square test was used to compare 
the proportion of each sex in the groups. The samples of dFNC 
temporal characteristics from the two groups were independent of 
each other, but none conformed to a normal distribution, so a 
nonparametric test (Mann–Whitney U test) was used to assess the 
differences between the groups, and p < 0.05 indicated a statistically 
significant difference. Finally, the relationship between dFNC 
temporal characteristics and clinical variables (YMRS, HAMA, and 
HAMD scores) was explored using Spearman’s partial correlation 
analysis with age, sex, and education as control variables, using 
Bonferroni correction, with statistically significant differences at 
p × n < 0.05.

3. Results

3.1. Demographics and clinical 
characteristics

After data preprocessing, 39 patients with early-onset BD and 22 
HCs were finally included in this study. Demographics and clinical 
characteristics of the two groups are presented in Table 1; there were 
no differences between groups in age, sex, or years of education (all 
p > 0.05). The YMRS, HAMA and HAMD scores of early-onset BD 
patients were significantly higher than those of HCs (p < 0.0001).

3.2. Cluster analysis

Using the k-means clustering algorithm, we  identified four 
recurring patterns of transient FC, i.e., dFNC states: state 1 (33% of all 
time windows) had sparse connectivity and exhibited general 
weakening of whole-brain functional network connectivity; state 2 
(29% of all time windows) had partial connectivity, exhibiting 
increased or weakened FC within and between some networks; state 
3 (14% of all time windows) showed strong connectivity, exhibiting 
strong positive connectivity amongst large-scale functional networks; 
and state 4 (24% of all time windows) was characterised by modular 
connectivity, which manifested as negative connectivity with obvious 
modularity between the FPN, DMN, SMN and the AN and AUN 

(Figure 1). It should be noted that not all subjects showed all four 
states, so the number of subjects with data demonstrating each state 
was not necessarily the same. The results of the dFNC matrix index of 
all subjects under all windows are shown in Figure 2. The data showed 
evidence of state 1 most frequently and had the longest mean dwell 
time, whilst state 3 appeared least frequently and had the shortest 
mean dwell time. The frequencies of transitioning from state 2 to state 
1 and from state 4 to states 1 or 2 were highest amongst all subjects.

3.3. Comparison of dFNC temporal metrics 
between groups

Figure  3 shows that compared to HCs, BD patients had a 
significantly reduced fraction of time and mean dwell time in state 2 
and a significantly increased mean dwell time in state 3 (Mann–
Whitney U test, p < 0.05), but the number of transitions was not 
significantly different between HCs and BD patients. In the same way, 
the three dFNC temporal metrics (fraction of time, mean dwell time, 
and number of transitions) were not significantly different in state 1 
and state 4.

3.4. Comparison of dFNC between groups

Two independent sample t tests were used to further compare the 
dFNC matrix of each state between groups, and it was found that the 
dFNC of early-onset BD patients was significantly different in states 
1–4 compared to that of HCs (FDR corrected, p < 0.05) (Figure 4). The 
specific results were as follows: The brain network connections with 
increased dFNC in state 1 were the DMN-VN and DMN-AUN, with 
the highest connectivity strength between the DMN and AUN; the 
brain networks with decreased dFNC were the VN and VN-VAN. The 
brain network connections with increased dFNC in state 2 were the 
DAN-AUN; the brain network connections with decreased dFNC 
included the DMN-DAN, DMN-AUN, VAN-VN, and VAN-AUN, 
with the lowest connectivity strength between the DMN and 
AUN. The brain network connections with increased dFNC in states 
3 and 4 were the DMN-VN and DMN-AUN, respectively.

3.5. Correlation analysis

The mean dwell time in state 3 of BD was correlated with the 
HAMA score (r = 0.4049, p = 0.0237 × 3 > 0.05 after Bonferroni 
correction) in a trend manner (Figure 5). There was no significant 
correlation between the remaining dFNC temporal metrics and 
clinical neuropsychological scores.

4. Discussion

In this study, the differences in dFNC between patients with early-
onset BD and HCs were investigated based on rs-fMRI with ICA, 
sliding time window and clustering analysis. The following were our 
key discoveries: (1) dFNC analysis showed four connected patterns: 
state 1 showing sparse connectivity, state 2 showing partial 
connectivity, state 3 showing strong connectivity, and state 4 showing 

TABLE 1 Demographics and clinical characteristics of all subjects.

Clinical 
variables 
(Mean ± SD)

Early-onset 
BD (n = 39)

HCs (n = 22) p value

Age (years) 16.97 ± 2.37 17.31 ± 2.25 0.58

Sex (M/F) 19/20 11/11 0.76*

Handedness (R/L) 39/0 22/0 –

Educational level 

(years)

10.97 ± 2.37 11.32 ± 2.25 0.58

YMRS 21.56 ± 4.81 2.64 ± 2.90 <0.0001

HAMA 23.64 ± 7.04 4.18 ± 4.56 <0.0001

HAMD 32.38 ± 6.47 3.77 ± 4.81 <0.0001

*Represents the chi-square test p value for sex. M, male; F, female; R, right; L, left; SD, 
standard deviation.
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modular connectivity, (2) there were significant differences between 
the patient group and the HC group in two temporal metrics (fraction 
of time and mean dwell time), and (3) in patients with early-onset BD, 

there was dynamic functional network reorganisation, which showed 
impaired coordination function between cognitive and 
perceptual networks.

FIGURE 1

The dFNC matrices for states 1–4 and the dFNC diagrams for each state. The horizontal and vertical axes are the selected ICs and their functional 
networks are depicted. The colour bars indicate the z values of the dFNC. (A) State 1 with sparse connectivity. (B) State 2 with partial connectivity. 
(C) State 3 with strong connectivity, (D). State 4 with modular connectivity.
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We identified four stable and repetitive dFNC states in all subjects. 
The sparsely connected network in state 1 had the highest proportion 
of occurrence and the longest mean dwell time, possibly reflecting the 
average of other states that were not distinct or frequent enough to 
be separated and characterising the baseline activity of neurons in the 
resting brain (25). BD is a “disconnected disorder” in which emotional 
dysregulation results from the unstable neuronal dynamics of systemic 
circuits (26). The fraction of time and mean dwell time of state 2 were 
both reduced in individuals with early-onset BD compared with those 
of HCs, suggesting that early-onset BD patients were more likely to 
transition from state 2 to other states. This reduction in state 2 in 
patients with early-onset BD implies abnormal and more unstable 
information transfer within or between functional networks, 
ultimately suggesting abnormal local segregation and global 
integration of functional brain networks. State 3 was characterised by 
tight and strong connections. The increased mean dwell time in state 
3 in early-onset BD patients suggests that there is more complex brain 
activity and increased abnormal information exchange and 
transmission within and between networks. Correlation analysis 
showed that the mean dwell time in state 3 in early-onset BD patients 
was positively correlated with the HAMA scores in a trend manner. 
The results must be interpreted with caution because less than half of 
patients with early-onset BD showed evidence of state 3 in the rs-fMRI 

data. Studies have shown that patients with BD and generalised 
anxiety disorder have functional abnormalities in brain regions, such 
as the frontal lobe and limbic system that are related to the severity of 
anxiety (27, 28). Therefore, we believe that the longer the mean dwell 
time is in state 3  in early-onset BD patients, the more likely their 
HAMA score will be elevated. However, a larger sample size is needed 
to verify this inference.

In recent years, the study of the functional interactions between 
RSNs has shown considerable promise as a potential pathway for the 
diagnosis of neuropsychiatric disorders (29, 30). The RSNs of the brain 
can be roughly divided into two categories: higher cognitive networks 
(the DMN, FPN, DAN, and VAN) and lower sensory and perceptual 
networks (the SMN, VN, and AUN). Intranetwork and internetwork 
connectivity reflect the segregation and integration of brain 
information, respectively (31). Previous studies have shown that BD is 
associated with a wide range of FC deficits that are thought to be caused 
by abnormalities in the integration and segregation of brain networks 
(32). BD patients have more abnormal internetwork connectivity than 
intranetwork connectivity, suggesting the importance of cross-regional 
cooperation between brain regions in emotion regulation and cognitive 
function (33), which is similar to our findings. In our study, patients 
with early-onset BD showed reduced connectivity amongst many brain 
networks in state 2 compared to that of controls, especially between the 

FIGURE 2

Line chart of the dFNC matrix index. Plots show (A) the frequency of each state and (B) the mean dwell time of each state.

FIGURE 3

Between-group comparison of dFNC temporal metrics. Bar charts show (A) the number of transitions, (B) the fraction of time and (C) the mean dwell 
time. * above the bars indicates a significant difference between the two groups, p < 0.05.
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DMN and AUN. The DMN is considered a key component of the 
functional structure of the brain, involving self-referential and 
reflective activities that are preferentially activated in resting states and 

inhibited in a wide range of cognitive tasks. In addition, the DMN acts 
as a “cohesion connector,” exhibiting high network cohesion and high 
internetwork integration and integrating information from primary 
functional and cognitive networks to support a wide range of brain 
functions (7, 34). It has been shown that the functional separation and 
integration of the DMN in BD patients is inefficient, which may imply 
impaired local processing and long-distance information transfer in 
the DMN (9, 35, 36). The AUN includes the primary auditory cortex 
and the secondary auditory cortex. The primary auditory cortex mainly 
encodes the properties of the auditory stimulus, whilst the secondary 
auditory cortex integrates and connects this information to produce a 
specific percept (37). The decreased FC between the DMN and AUN 
indicated that external perception ability and self-consciousness 
integration were impaired in early-onset BD patients. The DAN is 
primarily responsible for attentional orienting and visual and spatial 
perception, and it has the function of allocating of cognitive resources 
in response to stimuli (38, 39). The interaction between the internal 
cognitive processing network (DMN) and the external directed 
cognitive network (DAN) reflects the switch between the intrinsic and 
extrinsic focus of attention (40). The reduced FC between the two 

FIGURE 4

Significant differences in dFNC between early-onset BD patients and HCs. The horizontal and vertical axes represent the ICs and their functional 
networks. The coloured rectangles represent the dFNC between the two corresponding ICs, with warm colours indicating increased connectivity and 
cool colours indicating decreased connectivity.

FIGURE 5

Relationship between HAMA scores and mean dwell time in state 3 
of BD.
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networks in this study may explain the abnormal control of attention 
in early-onset BD patients. In addition, many abnormalities in the FC 
of other brain regions within the cognitive network, within the 
perceptual network, and between the two were also observed in 
patients with early-onset BD, which further demonstrated the existence 
of abnormal local segregation and global integration of functional 
brain networks in early-onset BD patients.

In the present study, the brain networks with increased dFNC in 
early-onset BD patients in state 1 were the DMN-VN and 
DMN-AUN. Notably, increased dFNC of the DMN-VN and 
DMN-AUN also occurred in state 3 and state 4. The dFNC 
enhancement between the DMN and VN and between the DMN and 
AUN in multiple states may be characteristic of brain network damage 
in early-onset BD patients. Previous studies by our group identified a 
possible developmental pattern of hyperconnectivity supporting 
switching between higher cognitive networks and primary perceptual 
networks in patients with early-onset BD, which generally occurs 
during childhood and adolescence. The VN and AUN are involved in 
the perceptual processing of information exchange with the external 
environment. The higher dFNC between these networks compared 
with the normal state may be related to patients’ greater sensitivity to 
external visual or auditory stimuli and emotions (41). Different 
patterns of visual attention deficits in BD patients were associated with 
different external emotional stimuli, suggesting the interactive 
influence of cognitive and emotional functions (42). Biological 
activities, such as head or body movements, facial expressions, and 
auditory stimuli stimulate the brain to engage in a wide range of 
cognitive activities (43, 44), which may explain the cognitive deficits 
seen in BD patients. Thus, the abnormalities of neural circuits amongst 
the DMN, DAN, VN and AUN in early-onset BD patients may 
be  responsible for the abnormal reception of external stimuli, 
psychological activity and cognitive performance compared with 
those of HCs. Abnormal dynamic brain network reorganisation may 
constitute a potential imaging biomarker for early-onset 
BD. Furthermore, we inferred that the enhanced integration of the 
DMN may represent an adaptive response to the diminished 
integration of the DMN observed in state 2. This interpretation is 
speculative and must be confirmed by further studies.

Although audiovisual dysfunction is not a typical clinical symptom 
of BD, studies have shown that neurophysiological deficits and poorer 
task performance in adolescent BD imply that visual and auditory 
pathways do not transfer sensory data well to the audiovisual cortex 
and that the frontal cortex does not integrate incoming signals well into 
unified and coherent perceptual actions (45). Our results showed 
abnormal connectivity between the VN and higher cognitive networks 
(i.e., the DMN, DAN, and VAN), the AUN and higher cognitive 
networks, and within the VN across multiple states in early-onset 
BD. This connectivity reflects the disrupted dynamic reconfiguration 
of sensory and perceptual systems and a failure of dynamic integration 
of higher-order processes, which may underlie the perceptual and 
cognitive deficits in early-onset BD. This study also further validated 
our group’s previous findings that audiovisual integration relies on a 
brain network mechanism of feedback information flow between 
higher-order networks and the underlying perceptual cortex.

In this study, we found abnormal dynamic properties of whole-brain 
functional network connectivity in early-onset BD by measuring dFNC; 
these changes may imply abnormal separation and integration processes 
in the brain. Patients with early-onset BD had impaired coordination 

between cognitive and perceptual networks, which specifically 
manifested as impaired coordination between internal introspection and 
external environmental detection, as well as perceptual dysfunction. In 
addition, the specific dFNC temporal metrics were altered in early-onset 
BD patients, which may provide a new imaging basis for clinical 
symptom prediction and assessment in these patients.

Our study had several limitations. First, the present study had a 
relatively small sample size, and we did not conduct a grouping study 
that considered the different subtypes of early-onset BD. There may 
be heterogeneity amongst different subtypes. The sample size should 
be  expanded for a more precise grouping study in the future. In 
addition, correlation analysis required a larger sample size for validation. 
Second, the study protocol did not include collection of relevant 
cognitive test scores and behavioural measures, and these incomplete 
scales limited our interpretation of cognitive-related networks. Third, 
the choice of sliding window size may influence the assessment of 
dynamic brain connections. Future analyses should be performed using 
different window widths to verify the reliability and reproducibility of 
the results. Finally, our study was a cross-sectional study lacking 
longitudinal comparisons, so the findings may have certain limitations.
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Human emotion processing 
accuracy, negative biases, and 
fMRI activation are associated with 
childhood trauma
Alexis A. Reisch 1†, Katie L. Bessette 1,2,3†, Lisanne M. Jenkins 1, 
Kristy A. Skerrett 1, Laura B. Gabriel 1,4, Leah R. Kling 1, 
Jonathan P. Stange 5, Kelly A. Ryan 4, Mindy Westlund Schreiner 2, 
Sheila E. Crowell 2,6,7, Erin A. Kaufman 2* and 
Scott A. Langenecker 1,3,4

1 Cognitive Neuroscience Center, Department of Psychiatry, University of Illinois at Chicago, Chicago, IL, 
United States, 2 Department of Psychiatry and Huntsman Mental Health Institute, University of Utah, Salt 
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Michigan, Ann Arbor, MI, United States, 5 Departments of Psychology and Psychiatry and the Behavioral 
Sciences, University of Southern California, Los Angeles, CA, United States, 6 Department of Psychology, 
University of Utah, Salt Lake City, UT, United States, 7 Department of Obstetrics and Gynecology, 
University of Utah, Salt Lake City, UT, United States

Introduction: Emerging literature suggests that childhood trauma may influence 
facial emotion perception (FEP), with the potential to negatively bias both emotion 
perception and reactions to emotion-related inputs. Negative emotion perception 
biases are associated with a range of psychiatric and behavioral problems, 
potentially due or as a result of difficult social interactions. Unfortunately, there 
is a poor understanding of whether observed negative biases are related to 
childhood trauma history, depression history, or processes common to (and 
potentially causative of) both experiences.

Methods: The present cross-sectional study examines the relation between FEP 
and neural activation during FEP with retrospectively reported childhood trauma 
in young adult participants with remitted major depressive disorder (rMDD, n  =  41) 
and without psychiatric histories (healthy controls [HC], n  =  34). Accuracy of 
emotion categorization and negative bias errors during FEP and brain activation 
were each measured during exposure to fearful, angry, happy, sad, and neutral 
faces. We examined participant behavioral and neural responses in relation to total 
reported severity of childhood abuse and neglect (assessed with the Childhood 
Trauma Questionnaire, CTQ).

Results: Results corrected for multiple comparisons indicate that higher trauma 
scores were associated with greater likelihood of miscategorizing happy faces as 
angry. Activation in the right middle frontal gyrus (MFG) positively correlated with 
trauma scores when participants viewed faces that they correctly categorized as 
angry, fearful, sad, and happy.

Discussion: Identifying the neural mechanisms by which childhood trauma and 
MDD may change facial emotion perception could inform targeted prevention 
efforts for MDD or related interpersonal difficulties.

KEYWORDS

major depressive disorder, childhood trauma, facial emotion perception, response bias, 
middle frontal gyrus, facial emotion perception test
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Introduction

Depression and childhood trauma are each related to difficulties 
in emotion perception, biases, as well as differences in functional 
activation and morphometric measurements of distributed brain 
regions including corticostriatal and corticolimbic circuits. In 
addition, childhood trauma is associated with increased risk of and 
specific trajectories for affective disorders [e.g., (1, 2)]. While such 
pathways of increased risk are well replicated in the literature, it is not 
yet clear what cognitive performance and brain developmental 
changes might drive such increased risk. We and others have proposed 
that changes in cognitive control might underlie such risk (3), but 
there are other (and many) possible risk factors. For example, 
commonalities in functional activation patterns are frequently 
reported in prefrontal and limbic regions (e.g., hippocampus, 
amygdala, dorsolateral prefrontal cortex [DLPFC], and anterior 
cingulate) and occasionally striatal regions [e.g., nucleus accumbens; 
(4)] during tasks that involve working memory and emotional conflict 
(5–11) It is possible that these observed activation differences in 
depression and childhood trauma relate to dysfunctional emotion 
processing (12, 13). For example, elevations in childhood trauma are 
correlated with altered performance on facial emotion perception 
(FEP) tasks, such that there is increased sensitivity to negative 
emotions, including a bias toward misperceiving negative emotions 
(12, 14–16). Notably, commonly reported elevated bilateral amygdala 
reactivity to sad faces in individuals exposed to childhood adversity 
[e.g., (17, 18)] is not associated with behavioral differences in 
accurately categorizing emotions (19), hinting that increased amygdala 
reactivity in these individuals is unrelated to FEP. Moreover, 
commonalities across depression and child trauma may be due to 
different experiences leading to similar outcomes (e.g., equifinality); 
for instance, both childhood trauma and parental warmth and support 
(even in the context of healthy development) impact amygdalar 
activation to negative faces in youth (20).

FEP difficulties are also, often observed among persons in both 
active and remitted states of major depressive disorder [MDD; (21)], 
and among groups at elevated risk for developing MDD (22–24), 
potentially through a stress sensitization process (25). Moreover, a 
consistent gaze bias to attend to sad faces is observed among 
individuals with MDD, irrespective of phase of illness (26, 27). 
Individuals with active MDD exhibit enhanced memory for previously 
displayed negative facial expressions, allocate more visual attention to 
sad faces than neutral faces (although sometimes only display less 
attention to happy faces (28), and are more likely to interpret 
emotionally neutral faces as sad compared with healthy controls [HCs; 
(12, 29, 30)]. Notably, individuals with remitted MDD (rMDD), who 
are at 4–6 times higher risk for experiencing another depressive 
episode, display an array of FEP biases, including greater facial fear 
recognition (31). Indeed, bias toward negative faces has predicted 
MDD relapse (32). Atypical patterns of responding to emotional 
inputs are also observed among youth at elevated risk of MDD. For 
example, children and adolescents of depressed mothers demonstrated 
greater attentional avoidance (gaze) of sad faces (33), and are more 
likely to categorize neutral stimuli as negative emotions (34, 35). 
Taken together, extant research suggests that individuals with active 
MDD, rMDD, and those at high risk of MDD each experience 
disruptions in FEP and related processes.

Even though emotion processing difficulties are associated 
with both childhood trauma and MDD, integrated efforts to 
understand these relationships and any dissociations between 
them are just beginning to be elucidated. Despite well-established 
links with trauma preceding negative affective biases and MDD, 
it still remains unclear whether negative affective biases or poor 
FEP accuracy are driven by trauma history, depression history, or 
processes common to both experiences. It is also unclear whether 
individuals’ histories are associated with unique neural patterns 
of responding during exposure to positive, negative, and neutral 
facial expressions. Of note, active symptoms of depression may 
obscure trait-based measurements of these cognitive processes 
[e.g., (36)]. For example, a bias to positive emotions (e.g., happy) 
could be  present in remission, whereas a bias to negative 
emotions may be present during active high-symptom states. As 
the goal is to understand the effects of trauma rather than 
fluctuating symptom- related processes, this study recruited 
individuals in the remitted mood state. In fact, little is known 
about within-subject shifts in symptoms as they pertain to 
emotion processing biases.

The present study assesses FEP and negative biases via a forced-
choice categorization paradigm of facial expressions among young 
adults with and without a history of MDD and varying levels of 
childhood trauma. It is designed to probe the effects of trauma history 
dimensionally among these two groups: individuals with and without 
MDD. In those with MDD, the potential confounding effects of active 
mood symptoms are reduced by examining individuals in the remitted 
phase. We hypothesized that (a) individuals with histories of more 
severe (retrospectively reported) childhood trauma would display a 
bias to categorize more faces incorrectly as fearful and angry, thus 
demonstrating a potentially adaptive response (a bias, but with lower 
accuracy overall) that may have been overgeneralized beyond the 
context of traumatic situations, and that (b) increased childhood 
trauma would have the greatest impact on the processing of fearful 
and angry faces in regions implicated in emotional reactivity and 
regulation (e.g., heightened amygdala activation and/or blunted 
DLPFC activation), which may be  more pronounced among 
participants with rMDD.

Methods

Participants

Participants (ages 18 to 23) were young adults recruited with 
either no history of mental illness (healthy control, HC; n = 34), or 
with a history of MDD, currently remitted (rMDD; n = 41), as 
determined by qualified clinicians via clinical interview using 
diagnostic criteria from the DSM (Diagnostic Interview for Genetic 
Studies, or DIGS; (37). A parent or guardian completed a phone 
interview modified Family Interview for Genetic Studies) or medical 
records were obtained to confirm participant diagnoses and eligibility. 
Participants were recruited as part of a larger IRB approved study 
investigating neurobiological intermediate phenotypes in 
MDD. Procedures took place at two study sites: the University of 
Michigan (UM, 2011–2013) and then the University of Illinois at 
Chicago (UIC, 2013–2016).
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Participants demographics are presented in Table 1. There were 
no exclusions based upon childhood trauma history. Exclusions were 
for active substance misuse; substance dependence (including alcohol 
and nicotine) within the past year; developmental disability (with the 
exception of attention-deficit/hyperactivity disorder); current active 
suicidal plan or intent; suicide attempt in the past six months; use of 
psychoactive medications within the past 30 days; symptoms of 
schizophrenia or psychosis; family history of schizophrenia or 

psychosis; and incompatibilities with MRI. Those classified in the HC 
group reported no prior psychiatric problems including a history of 
depressive episodes. Individuals with rMDD had relatively few prior 
depressive episodes (mode = 1 prior depressive episode), and had been 
in remission on average 3 years.

Measures

Childhood trauma questionnaire
The CTQ is a 28-item valid and reliable retrospective assessment 

that asks respondents to report on five subscales of abuse and neglect 
as experienced in their childhood. The CTQ demonstrates (38) strong 
psychometric properties in diverse clinical and community samples 
(39), and has shown high inter-rater kappa reliability in validation 
studies (40). The current study used the total score, which can range 
from 25 to 125, with a total clinical cut-off score of 49 (41). In the 
current sample, the total score ranged from 25 to 63 and reliability was 
good, α = 0.84.

Facial emotion perception test
This task measures participants’ accuracy in categorizing facial 

expressions (21, 22, 42–44), and can be used to detect biases in facial 
emotion perception. The task includes 5 runs of the FEPT while in the 
MRI, with each run lasting 260 s and including 154 trials (see 
Figure 1). The FEPT has been described in detail elsewhere (21, 22) 
continues to use animals as a contrast, and uses the MacBrain 
Foundation Stimuli (45, 46).

Recent distress symptoms
A recent distress factor score was calculated (as a covariate of no 

interest) by performing a principal factor analysis (with regression 
factor) using the scores of the Beck Anxiety Inventory [BAI, (47) and 
the Beck Depression Inventory (BDI-II), (48, 49)]. These scales assess 
anxiety or depression symptoms in the past two weeks. These were 
combined because of a restriction of range due to selection criteria 
(i.e., in remission). Means for recent distress did not significantly differ 
between groups, as reported in Table 1.

Procedures

In their first visit, participants completed informed consent in 
accordance with the Declaration of Helsinki, as well as diagnostic 
interviews and questionnaires. MRI procedures were completed 
during a separate second visit. On the second visit, participants were 
given full instructions and completed a practice run of the task that 
uses the Ekman and Friesen face stimuli (50). While in the scanner, 
participants completed five runs of this task each lasting 4 min and 
20 s, for a total of 21 min and 20 s. As described in detail elsewhere 
(22), the FEPT task requires participants to choose between five 
categorical choices regarding a facial emotion expression or animal 
groups. The current study focuses entirely on the facial emotion 
perception component. Briefly, participants are shown a cross for 
500 ms before a face appears for 300 ms displaying one of five emotions 
(happy, sad, angry, fearful, or neutral), quickly followed by a resampled 
grayscale mask for 100 ms. Participants are then given 2,600 ms to 

TABLE 1 Participant demographics.

HC (n  =  34) rMDD (n  =  41)

Mean age, years 20.67 (1.66) 21.39 (1.55)

Females, n (%) 21 (63.63) 26 (68.42)

Mean education, years (SD) 14.55 (1.42) 14.74 (1.35)

Mean IQ estimate (SD)* 106.00 (9.70) 107.10 (8.82)

Race, n (%)

Black/African-American 1 (3%) 4 (10%)

Asian 5 (15%) 5 (12%)

Native American/Pacific Islander 0 0

Alaska Native 0 0

White 26 (76%) 28 (68%)

Multiracial/Mixed 0 2 (5%)

Hispanic, n (%) 4 (12%) 4 (10%)

Handedness (n right: n left) (% right) 31:3 (91%) 37:4 (90%)

Site, n (%)

University of Michigan 11 (33%) 14 (37%)

University of Illinois at Chicago 22 (67%) 24 (63%)

Illness characteristics

Past psychiatric medication, n§ NA 12 (31%)

History of co-morbid anxiety, n§ NA 13 (34%)

Number of MDEs (SD)§ NA 1.82 (1.20)

Age of first onset, years (SD) NA 16.37 (3.35)

Age of last episode NA 18.83 (3.86)

Current HDRS Recent Distress* 1.67 (1.12) 3.62 (1.72)

Beck anxiety inventory (SD)* 0.19 (1.02) −0.20 (0.78)

Beck Depression Inventory (SD)* 1.90 (2.66) 4.40 (5.10)

FEPT accuracy 0.91 (1.53) 4.59 (6.20)

CTQ Total^* 81.10 (8.76) 80.56 (13.81)

Physical abuse 28.28 (4.15) 32.95 (9.01)

Emotional abuse* 5.53 (0.76) 5.78 (1.79)

Sexual abuse 6.00 (1.87) 8.03 (3.78)

Physical neglect 5.06 (0.25) 5.06 (0.35)

Emotional neglect 5.55 (1.05) 5.83 (1.50)

6.40 (2.53) 7.92 (4.29)

CTQ, Childhood Trauma Questionnaire; HC, Healthy Controls; HDRS, Hamilton 
Depression Rating Score; IQ, Intelligence Quotient; MDE, Major Depressive Episodes; 
rMDD, remitted Major Depressive Disorder. 
§Exclusionary criteria for HCs.
^Truncated 2 outliers.
*Group differences significant at p < 0.05.
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report which emotion was displayed, and are shown a screen 
indicating which finger corresponds to which emotion. The same 
button consistently represents the same emotion across all trials for 
each participant, but buttons are counterbalanced across participants. 
Participants are not given feedback post-response. The primary 
variables of interest for this study were the proportion of correctly 
identified emotional expressions for each emotion category. All 
participants received monetary compensation for their participation.

Neuroimaging

Neuroimaging data were collected in a 3 Tesla scanner (Signa at 
UM or Discover at UIC, General Electric, Milwaukee, WI). For each 
run of the FEPT, blood-oxygen level dependent (BOLD) images were 
collected at UM in 29 interleaved 4 mm slices with a TR of 2 s, resulting 
in a total of 126 volumes collected per run, and at UIC in 44 
interleaved 3 mm slices with a TR of 2 s. The task was presented using 
E-Prime 2.0 displayed on a monitor outside the scanner, and 
participants responded to the task using a five-button response ‘claw’ 
(51). Please see Appendix for additional details.

Processing of neuroimaging data
MRI data were preprocessed using SPM8 (https://www.fil.ion.ucl.

ac.uk/spm/doc/) and AFNI (52). fMRI data were slice-time corrected 
and realigned to the 10th volume in FSL (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/) using MCFLIRT (53). Next, FSL’s Brain Extraction Tool was 
used to extract anatomical images, then SPM8 was used to co-register 
to functional images and normalize to Montreal Neurological Institute 
(MNI152) space. Smoothing was completed with a full width at half 
maximum kernal of 5 mm. First-level event-related models for each 
condition (fearful, angry, sad, happy, neutral correct responses) 
included deviations in translation and rotations along with first 
temporal derivative and square of parameters to estimate 
hemodynamic changes for each accurately categorized emotion 
aggregated over the multiple exposures (24–30 events for each 
emotion, only for correct responses).

Second-level brain activation models were created in SPM8 using 
a multiple regression model for each facial emotion category, with 

total CTQ score as the predictor of interest. To control for the potential 
effects of diagnosis and concurrent symptoms on both neurobiology 
and trauma recall, diagnosis, recent distress, and the number of days 
between clinical symptom measurement and MRI were included as 
covariates of no interest. In addition, sex, site, and average x, y, and z 
movement deviation in the scanner were added to the second-level 
model as covariates of no interest. A restricted space was also applied 
to the model using a dilated gray matter mask, so that only gray matter 
structures would be considered. Results are displayed on the average 
brain from the first 55 participants enrolled in the study. Whole brain 
analyses indicated a significant effect of activation for the relation of 
CTQ and all five facial emotions in right middle frontal gyrus (MFG).

Post-hoc ROI analyses
To follow-up this effect in right MFG, we examined associations 

with all emotions and during rest, using one 8 mm radius spherical 
ROI center (MNI coordinates x, y, z = +40, +41, +32) in the right 
middle frontal gyrus (MFG), extracted with MarsBaR. A partial 
correlation to compare the associations was then performed on the 
extracted values for rMFG and each emotion and resting blocks.

Statistical analyses

Behavioral performance, demographic, and clinical data were 
analyzed using SPSS v26. There were two CTQ scores greater than 
three standard deviations from the mean, and these were truncated to 
three standard deviations from the mean (54). All FEPT variables 
demonstrated normality for skewness (±2) and kurtosis (±7), and all 
normality assumptions held. Pearson correlations were computed 
between accuracy of specific emotions and CTQ total score.

We also performed a partial correlation between CTQ total and 
the number of emotional face stimuli categorized in a certain way 
(e.g., number of neutral faces categorized as angry) while controlling 
for diagnosis (rMDD vs. HC), sex, site, and recent distress scores. 
Correlations were also run separately by diagnosis (HC and rMDD) 
to investigate specific effects of biases and childhood trauma within 
subgroups that might be distorted by known differences in emotion 
perception accuracy. Correlations that would survive false discovery 

FIGURE 1

Visual depiction of sequence of stimuli displayed for a given trial in the Facial Emotion Perception Task (FEPT). Trials require participants either to 
categorize facial emotion depictions or broad animal types. Face reprinted with permission from The NimStim Set of Facial Expressions by Kapoor, A., 
Ewanation, L., Emamzadeh-Hashemi, E. A., Popov, M., Rashtbari, A., and Thölke, P., licensed under CC BY-4.0, retrieved from https://osf.io/y86rw/.
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rate (FDR) adjustment (55) for multiple comparisons (q = 0.25) are 
so noted.

Results

Performance and trauma results

The HC group demonstrated a significant inverse relation between 
CTQ scores and accurate identification of happy facial expressions 
(r = −0.54, p = 0.003), in addition to a positive relation between CTQ 
and no response to happy faces (r = 0.38, p = 0.04, Table 2). This effect 
was not present in the rMDD group. CTQ scores were not significantly 
related to FEP accuracy across groups for any of the other four 
emotion categories. In regards to errors, across the whole sample there 
was a positive association between CTQ total scores and a negative 
affective bias for categorizing happy faces as angry (whole sample: 
r = 0.40, p = 0.001; HC: r = 0.50, p = 0.006; rMDD: r = 0.32, p = 0.06). 
Among the HC group only, heightened CTQ scores were associated 
with miscategorizing happy faces as fearful (r = 0.40, p = 0.03) and 
miscategorizing neutral faces as angry (r = 0.39, p = 0.04), though these 
effects did not persist after FDR corrections.

Neuroimaging results

Emotion-specific brain activation positively 
correlated with CTQ

In the whole sample at the whole brain level, we observed higher 
CTQ total scores significantly associated with greater activation in the 
inferior parietal cortex (happy), posterior cingulate (angry) the 
cingulate gyrus (fearful), and the lingual (fearful) gyrus for distinct 
parts of emotional expression contrasts (see Table 2). No contrasts had 
activation that was inversely correlated with CTQ scores. The right 
middle frontal gyrus had a positive correlation of CTQ scores with 
activation for angry, fearful, sad, and happy, neutral face contrasts, in 
slightly different but largely overlapping areas (see Figure 2).

MarsBaR ROI analysis for rMFG

Right MFG cluster activity in all emotion conditions other than 
neutral was significantly correlated with CTQ scores, as displayed in 
Figure 2, with peak activation near X = 38 (see Table 3). Activation was 
positively correlated with CTQ scores for angry (r = 0.37, p < 0.01), fearful 
(r = 0.40, p < 0.01), happy (r = 0.30, p < 0.05), and sad (r = 0.29, p < 0.05) 
facial expressions. Figure 3 shows relations with other conditions (e.g., rest 
and neutral), which were not equivalent between HC and rMDD groups.

Discussion

The present study assessed FEP and negative affective bias via a 
forced-choice categorization paradigm of facial expressions among 
young adult participants with and without a history of MDD and varying 
levels of childhood trauma. We evaluated behavioral and neural response 
patterns for different facial emotions in relation to participants’ extent of 
past childhood trauma across HC and rMDD groups. This study expands 
upon previous emotion processing research by investigating the relations 
between childhood trauma and functional activation responses to 
social–emotional cues, independent of past depression history.

We found that individuals who reported higher levels of childhood 
trauma (regardless of diagnosis) demonstrated greater right MFG 
activity (part of DLPFC) during valenced (as opposed to neutral) 
emotional faces. We also observed across all participants that higher 
exposure to childhood trauma was related to miscategorization of 
happy faces as angry. Follow-up tests determined that HC participants 
with elevated childhood trauma tended to miscategorize neutral faces 
as angry more often than HC who reported less childhood trauma. 
Surprisingly, our whole-brain analyses did not reveal a relation 
between past childhood trauma and activation in the sgACC or the 
amygdala during exposure to emotional stimuli, but rather within 
right middle frontal gyrus (8, 9, 11).

Our finding of dimensional relations between trauma and FEP 
across diagnostic categories are consistent with our prior work 
examining inhibitory control and trauma in healthy individuals and 

TABLE 2 Peak MNI coordinates of brain regions with increased activation associated§ with greater CTQ, independent of other factors.

Lobe Region Emotion BA x y z
Voxels* 

(k)

Peak 
Intensity 

(Z)

Frontal Superior/Middle Frontal Angry 9 38 42 34 51 3.2

Fearful 9/10 44 40 28 71 3.27

Happy 10 46 48 12 58 3.38

Happy 9 28 44 38 128 3.53

Neutral 9 38 34 42 10** 3.3

Sad 9 40 40 32 15** 3.01

Limbic Cingulate Gyrus Fearful 31 14 −30 44 40 3.31

Occipital/

Limbic

Lingual Gyrus/Posterior 

Cingulate Angry 18/19 10 −54 2 177 4.14

Parietal Inferior Parietal Happy 40 38 −54 40 106 3.15

Z-values are based upon peak intensity at MNI coordinates listed. 
§No clusters were detected that show significantly lower activation with increasing CTQ at our voxel cutoff.
*Statistical threshold was set at a cutoff of k = 40 voxels and p = 0.005.
**For sad and neutral, cutoff was changed to k = 10 voxels to accommodate relevant cluster and for transparency and comparison.
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those with bipolar disorder (56). Additional research is needed to 
extrapolate potential long-term influences that different types of 
trauma may have on emotion processing in adulthood, and how these 
processes may vary across persons with different mental health 
diagnoses. For example, only longitudinal studies like the ABCD can 
infer the sequential relations of trauma to brain changes in key 
processes that may be the foundation for risk for psychopathology.

Our hypothesis, that individuals with more severe childhood 
trauma would more frequently miscategorize faces as fearful and 
angry, was partially supported. We  found that higher childhood 
trauma severity was associated with misperceiving happy faces as 
angry, regardless of diagnostic history. It is possible that abuse and 
neglect may lead persons to conflate others’ happiness and anger, 
because both emotions are associated with approach-related social 
behavior [e.g., (57)]. Prior research indicates that patterns of approach-
avoidance behavior are associated with emotional valence evoked by 
environmental stimuli. Approach behaviors are typically linked to 
positive affect and can be  associated with attack behaviors in the 
context of anger [e.g., (58)]. A further possibility is that a person 
engaging in abuse may appear happy while executing an angry 
response, which may cause the victim of abuse to link angry and 
happy emotions ⎯ particularly after repeated exposures (e.g., in cases 

where the person engaging in abuse is also a caregiver or loved one). 
The human brain is also primed to recognize fear-relevant or threat-
inducing stimuli like anger more readily than other cues (59), and 
such a predisposition could be triggered by trauma experiences. In 
fact, one study found that humans detect angry faces more readily 
than happy faces among a crowd of people (60).

We hypothesized that childhood trauma would be most strongly 
associated with anger and fear processing as manifested by heightened 
amygdala and blunted DLPFC activation, and we did not observe 
either of these patterns. Amygdala activation appears to have 
prominent state-dependent (including with active depression) and 
individual differences effects that can be ascribed to processes other 
than excessive childhood trauma exposure or trait-based effects of 
MDD (61–65). Another surprising finding was that results yielded a 
positive rather than negative relation between activation within the 
MFG and childhood trauma. This opposite pattern may be due to the 
current sample’s lack of active mood symptoms, such that both blunted 
DLPFC activation and increased amygdala activation during FEP 
occurs only during an episode, with associated cognitive burden or 
loss of functioning. On the other hand, positive relations between 
activation in MFG and childhood trauma during accurate facial 
expression perception may demonstrate adaptive compensation or 

FIGURE 2

Neural activation during accurate categorization for angry, fearful, happy, sad and neutral emotions positively correlated with childhood trauma. Figure 
highlights right middle frontal gyrus activation at X  =  38. Happy also demonstrates inferior parietal and other significant frontal clusters. Illustration only 
at k  =  40 for angry, fearful, and happy. *For sad and neutral correlations, the voxel threshold was dropped to k  =  10, p  =  0.005 to display for comparison.
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suppression of amygdala activation to emotionally salient stimuli. 
Indeed, Briceño et al. (66) found that those females with active MDD 
who shifted away from left DLPFC activation toward greater right 
DLPFC activation had greater emotion detection accuracy. We found 
that MFG activation was related to all emotionally valanced facial 
expressions as CTQ scores increased, rather than only fearful and 
angry faces. The presence of the same pattern, in both active and 
remitted MDD, could reflect a stable characteristic of trauma 
associated with brains. That is, activation within rMFG may be linked 
to how trauma history and emotionally salient stimuli are bound more 
generally, perhaps requiring more higher-order cognitive processing. 
While heightened MFG activation for emotional stimuli has been 
reported in those with active MDD (67–70), there is a paucity of 
studies of childhood trauma within the context of remitted MDD, 
Such studies are needed to dissociate whether activation patterns are 
related to trauma versus symptoms. It is possible that both childhood 
adversity and active depressive episodes result in elevated DLPFC 
activation and increased higher-order cognitive processing of 
emotional expressions, thereby a common pathway (67–70).

While neural results demonstrate group differences in brain 
activation and trauma histories on trials when participants correctly 
categorized the emotion of a facial expression, it is possible that 
interesting activation patterns related to childhood trauma may also 
present in the instances where participants incorrectly categorized a 
face. There was a surprising and interesting relationship where happy 
faces were more likely to be incorrectly labeled as angry in individuals 
with higher CTQ scores. Future studies could pursue this with longer 
versions of the test so that there would be enough errors to reliably 
model the BOLD signal for errors of different emotions.

A final consideration from this study is that neutral facial 
expression categorization and rest block conditions may not serve as 
adequate control condition(s) for FEP studies. Researchers often 
assume that neutral and rest block conditions capture “normative” 
activity that would be unrelated to trauma or disease. Many scientists 
use such designs to establish a baseline against which emotion 
evocation or FEP conditions can be compared to cancel out unrelated 
neural activation noise. Our results demonstrated that patterns of 
neural activation varied systematically with CTQ scores in both 
neutral facial expression trials and at rest (Figure 3). As such, using 
either neutral or rest block scans as a control condition (e.g., as part 
of a contrast between an emotion and neutral or rest) would have 
distorted and potentially hidden our current results with salient 
emotions. Moreover, our results suggest rest and neutral do not 
demonstrate activation equivalent relationships with childhood 
trauma that can be used interchangeably for creation of contrasts of 
interest. While a byproduct result of the current analyses, these results 
coalesce with others demonstrating significant differences in 
connectivity patterns at rest for individuals with childhood trauma 
[e.g., (71)]. Future studies would be  best served by continuing to 
ensure equivalency in their control conditions across groups within 
their samples prior to examining contrast conditions.

Although this study design has several strengths, including 
investigation of childhood trauma in young adults while early in the 
course of recurrent MDD processes, limitations should be considered. 
First, we used a retrospective measure of childhood trauma, which may 
be influenced by environmental factors, symptoms, and poor recall, 
and therefore potentially limited in their validity (72, 73), although 
more recent studies suggest that these scores are stable over time in 
adulthood (74). We controlled for current symptoms through inclusion 
criteria (remission from depression) and inclusion of covariates 
diagnosis and recent distress in analyses, yet were unable to examine 
differential relations with adult trauma exposure. Prospective 
longitudinal studies, including adjustment for age of first trauma 
exposure, and measurement of adult traumas would more accurately 
probe relations between childhood trauma and emotion processing. 
Sample size and power to detect effects are long-standing difficulties in 
the field of neuroimaging; while the sample here was adequate to detect 
a main fixed effect of childhood trauma, the sample size was 
underpowered to detect emotion-related processing differences across 
diagnosis or trauma subscales. Analysis of specific types of abuse and 
neglect independently may reveal differential FEP and neurobiology, 
as each type is related to different outcomes [e.g., (75)]. A third 
limitation is that recent life traumas and stressors were not assessed. 
Future studies focused specifically on the developmental effects of 
childhood trauma should include a questionnaire to account for the 
potential influence of recent life stress and trauma occurring post-
childhood. In future studies, scientists should recruit a larger sample of 
participants who have a wider range of childhood trauma severity.

Conclusion

Childhood trauma is a multifaceted developmental experience. 
Researchers should continue to study distal effects of trauma on social 
emotional processing in order to hone prevention efforts and better 
elucidate risk for interpersonal difficulties and adverse health 
outcomes, including risk for MDD. The present study provides 

TABLE 3 Partial Correlations between accuracy and emotion biases on 
the FEPT with Total Childhood Trauma (CTQ).

ALL 
(df  =  65)

HC 
(df  =  28)

rMDD 
(df  =  33)

Accuracy

Neutral −0.04 0.03 −0.08

Happy 0.05 −0.54**^ 0.15

Angry 0.11 0.11 0.16

Fearful 0.03 0.07 −0.01

Sad 0.03 −0.22 0.01

Biases (Errors)

Neutral as fearful −0.11 −0.30 −0.15

Neutral as angry −0.02 0.39* −0.17

Neutral as happy 0.16 0.27 0.13

Neutral as sad 0.03 0.14 0.01

Neutral no response 0.01 0.13 0.07

Happy as neutral 0.05 0.21 −0.27

Happy as fearful −0.03 0.40* −0.14

Happy as angry 0.40**^ 0.50**^ 0.32

Happy as sad 0.21 0.17 0.26

Happy no response −0.09 0.38* −0.13

2 CTQ total scores were truncated at 3 SD. df, degrees of freedom, df were adjusted after 
covariates. 
*p ≤ 0.05, **p ≤ 0.01. 
^Benjamini–Hochberg significance with FDR q = 0.25.
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evidence that childhood trauma is related to emotion processing, 
categorization, and biased recognition accuracy as well as differing 
patterns of neural activation while engaged in emotion processing and 
categorization. Furthermore, some of these effects differed by 
individuals’ experiences of prior episodes of depression. Additional 
research is needed to extrapolate potential long-term influences that 
different types of trauma may have on emotion processing in 
adulthood, and how these processes may vary across persons with 
different mental health diagnoses.
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FIGURE 3

Right middle frontal gyrus activation partial correlations with childhood trauma (CTQ). Findings of the ROI analysis in an 8  mm cluster. Significant 
cluster activation differences occurred in relation to CTQ when correctly identifying angry, fearful, happy, and sad faces. For neutral and rest block 
conditions, CTQ was not significantly correlated with extracted activation within the cluster. *Indicates significant correlation between childhood 
trauma and activation for the specified condition. * p  ≤  0.05. ** p  ≤  0.01.
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Appendix

Exclusions from current analysis

133 participants were enrolled in the study, yet two were excluded from data collection due to symptoms of schizophrenia or schizotypal 
disorder. In addition following the collection of data, 60 participants who had participated in the study were excluded from the current analysis 
for the following reasons: not scanned or fMRI data was unusable (61), excessive head movement during FEPT (31), incomplete or missing 
questionnaires – study dropout (52), Hamilton Depression Rating (HDRS) score above 7 indicating active depression (40), and conversion to 
active depressed or bipolar during study timeline (47) software for analysis and visualization of functional magnetic).

Scanner acquisition details

The UM scanner was a 3T Signa (release VH3, General Electric, USA) and used a reverse spiral sequence to acquire 36 slices 3.5 mm thick. 
The image matrix was 64 x 64 over a 22 cm field of view (FOV) for a 3.44 x 3.44 voxel. TR = 2000 ms, TE = 30 ms. Additionally, 116 high-
resolution T1 spoiled gradient echo (SPGR) slices were collected for co-registration purposes, with slice thickness = 1.2 mm, field of 
view = 26cm, matrix size = 256 x 256.

The UIC scanner was a 3T GE Discovery and acquired images with a gradient-echo axial echo-planar imaging sequence. The image matrix 
was 64 x 64 over a 22 cm FOV with 3mm slice thickness (0 gap) for a 3.44 x 3.44 voxel. TR = 2000ms, TE = minFul (22.2ms), 90° flip, 44 slices 
(ascending, interleaved). The 4 initial scans were discarded, resulting in 126 volumes for each of five runs, each lasting 4 minutes 20 seconds. 
The anatomical scan was a T1SPGR echo, with a 22 cm FOV, 256 x 256 matrix size, 1 mm slice thickness, for a 0.86 x 0.86 voxel size, including 
182 slices during a scan time of around 4 minutes.
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