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Background: Major depressive disorder (MDD) is associated with dysfunction of the
reward system. As an important node in the reward system, the resting-state functional
connectivity of the nucleus accumbens (NAc) is related to the etiology of MDD. However,
an increasing number of recent studies propose that brain activity is dynamic over time,
no study to date has examined whether the NAc dynamic functional connectivity (DFC)
is changed in patients with MDD. Moreover, few studies have examined the impact of
the clinical characteristics of patients with MDD.

Methods: A total of 220 MDD patients and 159 healthy controls (HCs), group-
matched for age, sex, and education level, underwent resting-state functional magnetic
resonance imagining (rs-fMRI) scans. Seed-based resting-state functional connectivity
(RSFC) and DFC of the NAc were conducted. Two sample t-tests were performed to
alter RSFC/DFC of NAc. In addition, we examined the association between altered
RSFC/DFC and depressive severity using Pearson correlation. Finally, we divided
patients with MDD into different subgroups according to clinical characteristics and
tested whether there were differences between the subgroups.

Results: Compared with the HCs, MDD patients show reduced the NAc-based RSFC
with the dorsolateral prefrontal cortex (DLPFC), hippocampus, middle temporal gyrus
(MTG), inferior temporal gyrus (ITG), precuneus, and insula, and patients with MDD
show reduced the NAc-based DFC with the DLPFC, ventromedial prefrontal cortex
(VMPFC), ventrolateral prefrontal cortex (VLPFC), MTG, ITG, and insula. MDD severity
was associated with RSFC between the NAc and precentral gyrus (r = 0.288, p = 0.002,
uncorrected) and insula (r = 0.272, p = 0.003, uncorrected).

Conclusion: This study demonstrates abnormal RSFC and DFC between the NAc and
distributed cerebral regions in MDD patients, characterized by decreased RSFC and
DFC of the NAc connecting with the reward, executive, default-mode, and salience
network. Our results expand previous descriptions of the NAc RSFC abnormalities in
MDD, and the altered RSFC/DFC may reflect the disrupted function of the NAc.

Keywords: major depressive disorder, resting-state functional connectivity, dynamic functional connectivity,
nucleus accumbens, reward
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INTRODUCTION

Major depressive disorder (MDD) is the second leading cause
of disability worldwide now, and it will be the most common
and economically burdening disease in the world by 2030 (1).
Although intensive neurobiological research has been carried out
for nearly 60 years, our understanding of MDD’s pathophysiology
remains limited (2, 3). The study of functional connectivity is
based on resting-state functional magnetic resonance imaging
(rs-fMRI) as an established technique for unbiased analysis of
the brain’s functional connectome (4, 5). The dysfunction of the
brain’s connectome may be related to the symptoms of MDD.
At present, a large number of studies using rs-fMRI functional
connectivity have been carried out, which is expected to become
an objective neurobiological marker.

The past neuroimaging studies summarized the unique
functional systems of the brain regions. Huckins et al. (6)
used the resting-state functional connectivity (RSFC) method
based on seed and graph theory to describe the system-level
organization of static putative reward regions, and they found
the regions related to rewards formed a system of priority
coupling at rest. Additionally, a recent meta-analysis by Bartra
et al. (7) confirmed that the core reward network including the
anterior cingulate cortex (ACC), the orbital prefrontal cortex
(OFC), the ventral striatum (VS), the ventral tegmental area
(VTA), the amygdala, and other brain regions. The independent
behavioral studies and neuroimaging studies (including those
using various task paradigms) over the past decade have
accumulated a great deal of evidence that MDD is associated
with dull reward signals in the reward system (8-11). In patients
with MDD, abnormal reward processing is primarily thought
to be associated with the disruption of mesolimbic striatum
circuitry (12). For example, decreased functional connectivity
has been manifested among the VTA, striatum, and VMPFC
(13). Notably, the nucleus accumbens (NAc) is not only an
important node of the reward network (14, 15) but also an
important brain substructure of neuroregulation, especially in
the reward and addictive behavior loop. The NAc mainly
mediates the hedonic perception of rewards and is concerned
with reward assessment and expectation (16). Besides, the NAc
is involved in complex interactions between the dopamine,
serotonin, and glutamatergic systems, and it also has complex
functional connectivity with the limbic system and prefrontal
cortex (17-21). In recent years, there has been an increase
in studies on the role of the NAc in emotion and cognition
regulation, especially in affective disorders, such as MDD
(21-23).

Converging evidence suggests that the functional connectivity
of NAc with other brain regions could be a potentially
valuable biomarker for MDD (12, 21, 22, 24, 25), but not
all the experimental results are consistent. As noted, there
have been reports of both increased and decreased striatum-
PFC functional connectivity in patients with MDD compared
to HCs. For example, Gabbay et al. (12) found increased
striatal-PFC functional connectivity, but Furman et al. (26)
reported decreased striatum-PFC functional connectivity for
ventral striatum seeds. The inconsistency may result from

the limited statistical power of small samples. Inconsistencies
in the literature have prompted researchers to conduct more
in-depth analyses to identify common abnormal activation
patterns involving the NAc during reward processing. Most
of the previous studies on MDD reward system used the
method of functional connectivity in the resting state (27).
However, based on the assumption that the brain signal is
relatively static during the whole data scanning period, this
method ignores the dynamics of the brain and the time-
varying functional connections between brain regions, that is,
this method ignores that functional connection changes over
time (28).

Therefore, the recently emerged analytic method, sliding
window correlation analysis, has been used to reveal the dynamic
of functional connectivity (DFC) by measuring the temporal
variability of functional connectivity. Recently, increasing
research has focused on DFC, and some researchers have
found profound indicators related to DFC (29, 30). Dynamic
characteristics of brain activity are sensitive to human behavior
and brain development (31-33). In addition, DFC has been
widely used to explore the pathological mechanisms of other
mental diseases, such as schizophrenia, epilepsy, autism, and
anxiety, and studies have shown that DFC can provide reliable
potential biomarkers for the diagnosis of mental diseases (34-
37). Despite the numerous RSFC studies in recent years, there
lacks research on the DFC of the NAc in the reward network of
patients with MDD. By combining the RSFC and DFC model of
the NAc in patients with MDD, we may be able to promote the
understanding of the pathogenesis of MDD from the perspective
of time variability.

MATERIALS AND METHODS

Participants

A total of 220 patients with MDD and 159 matched healthy
controls (HCs) were enrolled at the First Affiliated Hospital
of Zhengzhou University. The current study was authorized
by the ethics committee of the first affiliated Hospital of
Zhengzhou University. Written informed consents were gotten
from all participants.

According to the Structured Clinical Interview of DSM-
IV(SCID), which was independently evaluated by two qualified
psychiatrists, the patient was clinically diagnosed with severe
depressive disorder. All patients with MDD met the following
criteria: (1) two professional psychiatrists use DSM-IV to
diagnose bipolar or unipolar depressive disorder; (2) right-
handed; (3) age in the range of 18-55 years; The patients with
MDD were excluded, if they (1) are suffering from other mental
illness; (2) are suffering from diseases other than mental or
neurological diseases, such as cardiovascular disease; (3) have
major physical diseases; (4) do drug abuse or drug addiction; and
(5) have brain damage. In addition, exclusion criteria for healthy
controls include the following: (1) family history of hereditary
neurological disorders; (2) loss of consciousness resulting from
head injury; (3) alcohol or substance abuse; and (4) any metallic
objects in their body.
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Data Acquisition

All magnetic resonance imaging (MRI) data were obtained using
3.0TMR scanners (GE discovery 750, America) and standard
head coils. Before scanning, a foam-filled head coil is used to
reduce the movement of the subject’s head. To reduce the impact
of machine noise on the subjects during the scanning process,
we provided earplugs to the subjects to isolate the noise to the
maximum extent. Before the scanning, the subjects were told to
keep their head still and close their eyes without thinking about
anything. The imaging parameters were as follows: repetition
time (TR)/echo time (TE) = 2,000/40 ms; flip angle = 90 degrees;
field of view (FOV) = 22 x 22 cm?; matrix = 64 x 64; slices = 32;
slice thickness = 3.0 mm; gap = 0.5 mm.

Data Preprocessing

We used the Data Processing and Analysis for (Resting-State)
Brain Imaging(DPABI v4.3)' to process Neuroimaging data.
In order to stabilize the MR signal, the first five volumes of
each participant are discarded. Resting-state images were first
subjected to slice time correction and realignment. Then, we
matched the functional image to the standard template (Montreal
Neurological Institute) and the standardized image voxel is
3 mm X 3 mm x 3 mm. The subjects whose head motion
parameters are greater than 3.0 mm and 3.0 degrees are excluded.
Then, the data were smoothed with a Gaussian kernel (6 mm full
width at half maximum), and the image was detrended to reduce
low-frequency drift. In order to remove the low-frequency drift
and high-frequency physiological noise, we choose the frequency
range of the temporal band-pass filter to be 0.01~0.10 Hz.
We regressed Friston 24 motor parameters (38), white matter
signal, and cerebrospinal fluid signal as interference covariates.
However, in the current study, we did not regress the global
signal, because the variance of the global signal of psychiatric
disorders, including depression, and its topology have changed
(39). After despiking, the outliners were replaced with the best
estimate using a third-order spline fit to clean up the time course
portions. Outliners were detected based on the median absolute
deviation, as implemented in 3dDespike? (40). We also calculated
the mean frame displacement (FD).

Seed Based and Dynamic and Static

Functional Connectivity Analysis
A previously validated bilateral NAc (X =+9,Y =9, Z = -8) was
selected as the seed (41), the seed is defined as a 4 mm diameter
sphere surrounding a central voxel. REST software was used to
calculate the seed-based RSFC. The spatially averaged mean value
of each seed was extracted. A Pearson correlation analysis was
conducted between the mean time series of the seed region and
the time series of each voxel of the whole brain. Finally, in order to
improve the normality, correlation coefficients were transformed
to Z-map with Fisher’s r-to-z transformation.

The DFC was computed using a sliding window approach
via DynamicBC (v1.1)> (42). The DFC divides all the time

'http://rfmri.org/DPABI

Zhttp://afni.nimh.nih.gov/afni

3www.restfmri.net/forum/DynamicBC

points of the subjects into different time windows according
to a certain length and then calculates the correlation between
time series based on a series of time windows. One of the
resting-state DFC important parameters is the window length.
According to the previous literature (43), the length of the
sliding window was set at 50 TRs, and the windows overlap was
set at 90%. Then, seed-based DFC analysis was performed for
each window, that is, Pearson correlation coefficients between
the time series of the bilateral NAc and whole brain voxels
were calculated, and a correlation map of each window was
established. Fisher’s r-to-z transformation was applied to convert
the correlation coefficient map into the z-map to improve
the normality. For each subject, we calculated the variance of
functional connectivity in each time window and finally obtained
the functional connectivity variance map.

Impact of Clinical Characteristics on

Functional Connectivity

Because of the clinical characteristics diversity of our data,
in addition to comparing all the MDD patients with healthy
controls, we also subdivided the patients with MDD into different
subgroups. The details are as follows: female and male; adolescent
and adult; first-episode MDD and HCs; MDD with long-illness
duration, medium duration, and with short illness duration.

Statistical Analysis

The two-tailed two-sample t-test was used to determine altered
RSFC and DFC of the NAc in patients with MDD compared
with HCs. Age, gender, and years of education were used as
covariates for regression. All results reported were thresholded
using the Gaussian random field (GRF) correction with a voxel-
level threshold of p < 0.001 and a cluster-level threshold of
p <0.05.

Relation With Depressive Severity

To investigate the association between altered functional
connectivity and depressive severity, we extracted the altered
RSEC and DFC of peak coordinates with a spherical radius of
3 mm. In MDD patients, the spatial mean values of altered
RSFC and DFC were then correlated with HAMD scores with
Pearson correlation.

RESULTS

Demographic and Clinical Information

As shown in Table 1, there was no statistical significance in
age, gender, and education level between the MDD group and
HC group (p > 0.05). Patients with MDD had higher scores on
HAMD than those in the HC group.

Functional Connectivity Analysis

The Resting-State Functional Connectivity Analyses
of the Nucleus Accumbens

Patients with MDD exhibited decreased RSFC between the NAc
and the Parahippocampal Gyrus (PHG), Hippocampus (HIP),
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TABLE 1 | Characteristics of patients with MDD and healthy controls.

MDD(n = 220) HC(n = 159) P
Age (years), Mean + SD 22.66 + 8.75 23.74 £+ 8,67 0.114
Gender, male: female 100:120 74:85 0.83°
Years of education, Mean + SD 11.60 + 3.00 13.00 + 4.60 0.15%
Mean FD (mm) 0.11 £0.09 0.12 £ 0.09 0.232
HAMD-24 36.00 + 12.23 ——

pa-value was obtained by a two-tailed two-sample t-test.
pP-value was obtained by %2 two-tailed test.

FIGURE 1 | Significant decreased resting-state functional connectivity (RSFC)
of the right nucleus accumbens (NAc) in patients, compared with healthy
controls (HCs). The blue regions in the brain slices present the location of
difference (GRF corrected).

Caudate (CAU), Thalamus (THA), Fusiform Gyrus (FFG), Insula
(INS), Precuneus (PCUN), Inferior Frontal Gyrus (IFG), Lingual
Gyrus (Ling), Superior Frontal Gyrus Orbital part (ORBsup),
Middle Frontal Gyrus (MFG), Rectal Gyrus (REC), Superior
Temporal Gyrus (STG), Middle Temporal Gyrus (MTG),
Inferior Temporal Gyrus (ITG), Postcentral Gyrus (PoCG), and
Precentral Gyrus (PreCG) (Figures 1, 2 and Table 2).

The Dynamic Functional Connectivity Analyses of the
Nucleus Accumbens

Patients with MDD exhibited decreased DFC between the NAc
and the STG, MTG, ITG, FFG, MFG, Inferior Frontal Gyrus
triangular part (IFGtriang), Inferior Frontal Gyrus orbital part
(ORBinf), PreCG, Superior Frontal Gyrus (SFG), INS, Frontal
Inferior Gyrus opercular part (IFGoperc), Superior Frontal Gyrus

FIGURE 2 | Significant decreased resting-state functional connectivity (RSFC)
of the left nucleus accumbens (NAc) in patients, compared with HC. The blue
regions in the brain slices present the location of difference (GRF corrected).

medial orbital (ORBsupmed), Superior Frontal Gyrus medial
(SFGmed), REC, ORBsup, Anterior Cingulate Cortex (ACC),
Inferior Parietal Lobule(IPL), Angular Gyrus (ANG), and PCUN
(Figure 3 and Table 3).

The Effect of the Clinical Characteristics
on the Dynamic and Static Functional

Connectivity

We removed recurrent MDD, leaving only first-episode MDD
patients and HCs, and eventually, we found that almost all of
the brain areas in the all MDD data results were disappearing,
such as MFG, ORBsupmed, ACC, HIP, SFGmed. Then, based
on gender and age, we divided depressed patients into male
patients with MDD and female patients with MDD, adult patients
with MDD patients, and adolescent patients with MDD. Finally,
according to illness duration, we classified patients with MDD as
long duration (>12 months), medium duration (3-12 months),
and short duration (<3 months), we did not find any significant
differences between these groups.

Decreased Resting-State Functional
Connectivity of the Nucleus Accumbens
Was Correlated With the HAMD Scores

To explore the relationship between the dysfunction of the NAc
and patients’ symptoms, we examined the correlation between
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TABLE 2 | Resting-State Functional Connectivity (RSFC) Group Comparisons
(MDD vs. HCs).

Cluster Peak
Seed Connectivity Hemisphere Size X Y Z T Cohen’sd
peak
Right CAU L 158 -12 12 18 -5 -0.52
NAc
CAU R 78 21 156 18 -4.55 -047
INS L 62 -33 -12 21 -517 -0.58
INS R 58 30 -18 18 -4.92 -0.51
FFG R 123 42 -36 24 -441 -0.42
PHG R 56 27 -30 -12 -4.33 -0.45
THA L 46 -12 =15 18 -4.79 -0.49
MTG R 55 42 -51 12 -4.09 -0.42
TG R 48 51 -39 -18 -3.83 -0.39
HIP R 47 27 833 6 -4.76 -0.49
PUT R 45 30 12 9 -464 -048
PCUN R 55 15 -56 49 -3.74 -0.39
PCUN L 96 -3 48 60 -4.12 -0.42
SOG L 66 21 -63 24 -434 -0.45
PoCG L 252 42 -24 60 -4.27 -0.44
PreCG L 234 24 -15 66 -4.63 -0.48
SFG R 86 27 -3 63 -4.12
Left FFG R 237 42 -29 -21 -435 -0.45
NAc
PHG R 108 24 -3 36 -4.47 -0.46
ITG R 80 54 -57 -9 -351 -0.36
HIP R 76 21 12 15 -4.47 -0.46
CAU L 150 -15 =15 21 -4.98 -0.51
CAU R 97 21 21 12 -526 -0.54
MFG L 102 33 54 27 -4.46 -0.46
SFG R 187 21 27 33 -46 -0.47
ORBsup R 71 24 39 -12 -461 -047
ORBsup L 44 -17 42 -15 -3.89 -0.4
INS L 55 80 7 15 -458 -0.47
REC L 32 -12 39 -18 -3.87 -0.4
PoCG R 77 48 -30 54 -3.76 -0.39
INS R 21 36 -6 18 -4.02 -0.41
ACC R 22 -15 33 19 -428 -0.44

the altered RSFC and DFC strength and HAMD-24 scores.
In the results, the strength of the left NAc-right insula RSFC
(r = 0.272, p = 0.003 uncorrected) and the right NAc-right
precentral gyrus was significantly correlated with HAMD scores
(r=0.288, p = 0.002 uncorrected) (Figure 4).

DISCUSSION

By conducting a comprehensive large sample analysis, we
revealed specific patterns of abnormalities in the NAc-based
network in patients with MDD, and to our knowledge, this study
is the first to explore differences in DFC of the NAc to the
whole brain between MDD patients and healthy controls, while
analyzing the effects of different clinical features. We found that
in MDD patients, the NAc-based RSFC and DFC abnormalities

FIGURE 3 | Significantly decreased dynamic functional connectivity (DFC) of
the right nucleus accumbens (NAc) in patients, compared with HC. The blue
regions in the brain slices present the location of difference (GRF corrected).

were mainly located within the OFC/VMPFC, VLPEC, DLPEC,
precuneus, and some regions of the temporal lobe, such as STG,
MTG, ITG, compared with HC. In addition, when we directly
compared the two groups of patients with MDD (first episode
MDD and all MDD), we found that the difference was mainly
caused by the recurrent MDD patients, but it was not related to
age, gender, and illness duration.

In this study, the reduced NAc-VMPFC/OFC RSFC and DFC
were found in patients with MDD, which is both inconsistent
and consistent with previous studies reporting changed NAc-
VMPFC/OFC RSFC in patients with MDD (26). Using different
methodological approaches may be the main reason for the
difference in results. Clinical characteristics of MDD patients and
sample size may also play a role in the differences. We found that
the functional connectivity of the NAc with the OFC/VMPEC was
decreased in the patients with MDD. The NAc, VMPFC, and OFC
are important hubs for reward circuits (44). Human fMRI studies
have shown that activity between VMPFC/OFC and VS is highly
correlated in resting states or in tasks involving rewards (45-
47). The VMPFC and OFC are two overlapping subregions of
PFC, which constitute the inferior medial wall and ventral side of
the frontal lobe, respectively (44). Some neurological cases report
damage to the VMPFC/OFC leading to significant impairment in
dealing with risk, uncertainty, reward, and punishment (48). At
present, a series of paradigm studies, including risk gambling and
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TABLE 3 | Dynamic Functional Connectivity (DFC) Group Comparisons (MDD vs.
HCs).

Cluster Peak
Seed Connectivity Hemisphere Size X Y Z T Cohen’sd
peak
Right NAc MTG L 151 -63-36 3 -4.34 -0.45
TG L 95 60 -30-24-458 -0.47
MFG L 302 -39 27 45 -4.44 -0.46
IFGtriang L 215 -48 42 0 -4.43 -0.46
PreCG L 180 -48 3 51 411 042
ORBInf L 109 -51 27 -9 -426 -0.44
IFGoperc L 85 -48 12 3 -4.80 -0.49
INS L 81 -39 6 3 -455 -047
ORBsupmed L 67 0 57 -8 422 -043
ORBsup L 43  -15 42 -24-521 -0.54
REC L 39 -12 45 -18-3.93 -0.40
SFGmed L 36 0 57 1 -4.43 -0.46
ACC L 33 -12 42 -3 -4.09 -0.42
SFGmed R 21 3 54 3 -413 -043

CAU, caudate; INS, insula; FFG, fusiform; THA, thalamus;, MTG, middle temporal
gyrus; ITG, inferior temporal gyrus; HIF hippocampus; PUT, putamen; PCUN,
precuneus; SOG, superior occipital gyrus; PoCG, postcentral gyrus;, PreCG,
precentral gyrus;, SFG, superior frontal gyrus; MFG, middle frontal gyrus; PHG,
parahippocampal; ORBsup, superior frontal gyrus, orbital part; REC, rectus;
ACC, anterior cingulate cortex; IFGtriang, inferior frontal gyrus, triangular part;
ORBInf, inferior frontal gyrus, orbital part; ORBsupmed, superior frontal gyrus,
medial orbital; IF Goperc, inferior frontal gyrus, opercular part; SFGmed, superior
frontal gyrus, medial.

probabilistic reinforcement learning, have recorded the value-
based decision-making defects of patients with the VMPFC
disease (49-51). A study reported less activation of VMPFC
in depressed patients under negative conditions (52). Animal
studies have also proved the important role of the OFC in
coding reward values (53-55). In addition, Cheng et al. (56)
showed that functional connectivity between the lateral OFC
and precuneus was decreased, these findings confirmed a theory
that the non-reward system in the lateral OFC is associated
with the poor self-esteem in depression. Decreased functional
connectivity between the NAc and VMPFC/OFC may reflect low
reward function in patients with MDD. In the mid-1960s, it was
proposed that depression was associated with decreased levels
of the central nervous system neurotransmitter, dopamine (57).

The NAc, VMPFC, and OFC are all important projection areas
for dopamine (58). This reduction in functional connectivity
strength may be associated with a decrease in dopamine
levels. Rodent studies have demonstrated that there is a direct
glutamatergic projection from VMPFC/OFC to VS (59, 60),
MDD patients had significantly higher glutamate levels compared
to HCs and resulted in neuronal atrophy (61). Decreased strength
of the NAc and VMPFC/OFC functional connectivity may also be
associated with increased glutamate levels.

In addition, the VMPFC is a key node of the Default
mode network (DMN) (62), which is consistent with previous
studies that the reward defect is associated with decreased
connectivity between the NAc and the DMN (21, 63). In
addition to the VMPFC, decreased RSFC of the NAc with
the precuneus and hippocampus, which are also key nodes of
the DMN (62), was also found in this study. The DMN is
involved in spontaneous cognition, self-referential processing,
and affective decision making (64). For instance, the precuneus is
involved in cognitive control functions including visual imagery
and self-orientation processes and is further engaged in the
integration of mental processing (65). Multiple investigations
have repeatedly demonstrated the abnormality of DMN in
patients with MDD (66-68). Indeed, a previous investigation of
the striatum demonstrated a negative correlation between the
strength of the caudate/NAc-precuneus/PCC FC and depression
severity (12), and they concluded that the caudate was associated
with cognition and reward (45). Decreased RSFC between the
NAc and the DMN may reflect impairments in reward-oriented
internal cognition, which may be a phenotype of depression.

We also observed significantly reduced RSFC and DFC
between the DLPFC and the NAc in patients with MDD
compared to HC. The DLPFC is a key node in the central
executive network (69), and the DLPFC is primarily involved in
emotion regulation and cognitive function (70), which play an
important role in the pathophysiology of depression. In addition,
the DLPEC is involved in the volitional regulation of emotions,
and it is critical in the reassessment of emotional stimuli in
healthy children, adolescents, and adults (71, 72). As noted, there
have been reports of decreased NAc-DLPFC RSFC in patients
with MDD compared to HC (21). Another study found that in
response to reward cues following positive emotion induction,
higher anhedonia among patients with MDD was associated with
decreased RSFC between the DLPFC and the right NAc (15),

06p

p=8:662

left precentral gyrus
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anhedonia is a core symptom of MDD and has been described as
an endophenotypic marker of MDD (73). Two previous rs-fMRI
studies reported that depressive adults displayed reduced ReHo in
the DLPFC (74, 75). The DLPFC is involved in the reassessment
of emotional stimuli and the regulation of emotions, together
with the observed reduction in the NAc-DLPFC RSFC and DFC,
suggests that depressed patients have a disrupted network of
brain areas responsible for emotion regulation and are unable to
recognize the positive components of emotional stimuli, which
may contribute to the etiology of depression.

In addition, we found decreased RSFC of the NAc with the
insula and decreased DFC of the NAc with the VLPFC. The
VLPEFC is associated with reward processing and it is abnormally
activated in patients with Bipolar Disorder (76-78). The insula is
the hub of large-scale brain networks interaction that is involved
in externally oriented attention and self-cognition (65), one study
found that the insula is associated with the value of action, and
the insula is associated with seeking reward-related decisions
(79). Thus, the abnormalities in the functional connectivity of
the NAc with the VLPFC and insula may be that they do not
support NAc function. The study confirmed increased activation
of the VLPFC and insula in response to social punishment in
depressed patients (80-82). The striatum, VLPFC, and insula also
show strong activation in tasks involving monetary and social
stimulation (83, 84). Abnormalities in the VLPFC and insula
have been shown to be responsible for depressive information
processing deficits due to impaired emotion salience processing
and adverse emotion regulation (84). The NAc, VLPFC, and
insula all belong to salience network (SN), and Conio et al. (85)
proposed a model in which patients with MDD patients have
lower dopamine levels that lead to decreased RSFC within the
SN, which is also consistent with our results. Correspondingly,
our results showed that RSFC strength between the left NAc
and the insula is positively correlated with depression severity.
Indeed, increased RSFC between the NAc and insula is associated
with lower reward sensitivity in a variety of psychiatric disorders
(86), therefore, it may represent a transdiagnostic marker of
reward dysfunction.

Similarly, the RSFC of the NAc with the supplementary
motor area (SMA) was decreased, which is a key node in the
reward network. In reward task-based fMRI studies, it has been
found that the SMA is activated during the anticipation/decision-
making phase of the reward (87). We also found positive
correlations between the NAc-precentral gyrus RSFC strength
and depression severity; this finding is akin to a previously
reported correlation between striatum-SMA RSFC strength and
anhedonia severity in adolescents with MDD (12). Overall, these
findings suggest that the NAc-SMA connectivity is disturbed in
patients with MDD. We likewise found reduced DFC of the
NAc with MTG and ITG, and this is consistent with previous
studies. For example, Yang et al. (88) found that lower RSFC
between caudate and MTG was associated with more severe
anhedonia. Similarly, Gabbay et al. (12) found decreased RSFC
between NAc and MTG.

This is the first study to examine alterations of the NAc with
whole brain functional connectivity in patients with MDD by
combining static and dynamic methods. Compared with separate

static or dynamic functional connectivity, our results show that
the combination of RSFC and DFC can provide more effective
information, this is consistent with previous studies that RSFC
and DFC provide complementary information (89-91), and they
may reflect different brain dynamics, and both can be used to
explore the pathophysiological mechanisms of depression. These
differences in results may be due to the fact that RSFC is an
average analysis of the whole time series and cannot capture
the instantaneous change in the strength of connections between
brain regions, but the DFC analysis calculates the connectivity
of the overlapping time periods in the whole time series and
then determines the variance of the correlation. In addition, a
combination of dynamic and static functional connectivity has
been used in schizophrenia and bipolar disorder (92).

On the basis of all MDD data, we further grouped patients
according to clinical characteristics. We removed recurrent
MDD, leaving only first-episode MDD and HCs, and eventually,
we found that almost all of the brain areas in the all MDD data
results were disappearing. This may indicate that recurrent MDD
is the main cause of altered brain FC. One study demonstrated
decreased RSFC of the DMN in recurrent MDD (93). Similarly,
another study found that hippocampal volume reduction (a
key DMN node) was only found in recurrent MDD, but not
in first-episode MDD (94). This may be due to the different
illness duration and medication statuses of first-episode MDD
vs. recurrent MDD. Since we did not have information on the
illness duration of recurrent MDD, we divided the first-episode
MDD into three groups based on the illness duration: long
(>12 months), medium (3-12 months), and short(<3 months).
However, in the direct comparison, illness duration was not
related to RSFC and DFC.

There are still some potential limitations of this study. First, a
small proportion of patients with MDD in this study were taking
medications and antidepressant drugs may affect brain functional
connectivity in these patients. Therefore, future studies should be
conducted on the first episode, drug naive patients with MDD.
Second, we lack information on the illness duration of recurrent
MDD, we should examine in more detail the effect of illness
duration on brain function in recurrent MDD. Third, the sample
size of recurrent patients with MDD is small, in the future, it
will be necessary to include more recurrent patients to determine
the relationship between group differences and the number of
depressive episodes; Fourth, this study is cross-sectional research.
Therefore, longitudinal studies are needed to determine whether
the dynamic and static functional connectivity of the NAc to the
whole brain is altered during depressive episodes. Finally, we did
not measure participants’ levels of drowsiness when scanning at
rest, this has been shown to affect DFC.

In conclusion, this study demonstrates abnormal RSFC and
DFC between the NAc and distributed cerebral regions in
patients with MDD, characterized by decreased RSFC and DFC
of the NAc connecting with the reward, executive, default-
mode, salience network, and temporal lobe. Our findings extend
previous literature and provide further evidence for a critical role
of the NAc in the neuropathology of depression, and potential
targets for alternative interventions or monitoring treatment
response are indicated.
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