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Introduction: Previous studies have shown disrupted effective connectivity in the
large-scale brain networks of individuals with major depressive disorder (MDD).
However, it is unclear whether these changes differ between first-episode drug-
naive MDD (FEDN-MDD) and recurrent MDD (R-MDD).

Methods: This study utilized resting-state fMRI data from 17 sites in the Chinese
REST-meta-MDD project, consisting of 839 patients with MDD and 788 normal
controls (NCs). All data was preprocessed using a standardized protocol. Then,
we performed a granger causality analysis to calculate the effectivity connectivity
(EC) within and between brain networks for each participant, and compared the
differences between the groups.

Results: Our findings revealed that R-MDD exhibited increased EC in the fronto-
parietal network (FPN) and decreased EC in the cerebellum network, while FEDN-
MDD demonstrated increased EC from the sensorimotor network (SMN) to the
FPN compared with the NCs. Importantly, the two MDD subgroups displayed
significant differences in EC within the FPN and between the SMN and visual
network. Moreover, the EC from the cingulo-opercular network to the SMN
showed a significant negative correlation with the Hamilton Rating Scale for
Depression (HAMD) score in the FEDN-MDD group.

Conclusion: These findings suggest that first-episode and recurrent MDD have
distinct effects on the effective connectivity in large-scale brain networks,
which could be potential neural mechanisms underlying their different clinical
manifestations.
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Introduction

Major depressive disorder (MDD) is a prevalent and debilitating
psychiatric disorder that affects 4.7% of the global population and is
the second leading cause of disability worldwide (Ferrari et al., 2013).
Neuroimaging studies have made significant efforts to explore the
pathology underlying MDD. Abnormal functional connectivity (FC)
within and between large-scale intrinsic brain networks (Yan et al.,
2019; Liu et al., 2021; Sun et al., 2022a,b), such as the default mode
network (DMN), executive control network (ECN), and salience
network (SN), has been found in MDD using resting-state functional
magnetic resonance imaging (rs-fMRI). This reflects that the
synchronized spontaneous activity among anatomically distinct
networks is potentially linked to rumination dysfunction (Hamilton
etal,, 2015), cognitive impairment (Clark et al., 2009), and emotional
dysregulation (Zhao et al., 2021) in patients with MDD. However,
inconsistencies in the FC of several networks like DMN, including
increases, decreases, both increases and decreases, and no significant
changes, have been reported in prior studies of brain networks in
MDD (Yan et al,, 2019). This may be related to low sensitivity and
reliability, as well as limited statistical power due to small sample sizes
(Button et al., 2013; Chen et al., 2018), leading to the pathophysiology
of MDD remaining unknown.

According to the ICD-10, MDD can be classified as first-episode
or recurrent depression (Hiller et al., 1994). The risk of relapse in
MDD is directly proportional to the number of episodes (de Jonge
et al, 2018). Compared to first-episode MDD, recurrent MDD
exhibits more severe depressive and somatic symptoms, greater
impairments in verbal memory, executive function, and mental
representation processing (Roca et al., 2011; Nigatu et al., 2015), as
well as higher medical costs (Kamlet et al., 1995; Biesheuvel-Leliefeld
et al, 2012). Therefore, distinguishing the neuropathological
mechanisms of first-episode and recurrent MDD is important for
developing new and effective treatment protocols. A prior large-
sample study found FC reduction of DMN in recurrent but not in
first-episode MDD, which was associated with duration of illness
rather than medication usage, suggesting this alteration is related to
symptom severity (Yan et al., 2019). Another study revealed that
compared with healthy controls, both first-episode and recurrent
MDD showed reduced FC in the DMN and affective network, whereas
the decrease in cognitive control network only occurred in first-
episode MDD (Sun et al., 2022a,b). Compared with recurrent MDD,
first-episode MDD showed hypoconnectivity in the DMN, dorsal
attention network (DAN), and somatomotor network (Liu et al.,
2021). However, these FC findings did not consider the direction of
information communication between networks.

Effective connectivity (EC) represents the direct or indirect causal
effect of one brain region on another (Deshpande et al.,, 2011;
Deshpande and Xiaoping, 2012). In EC methods, Granger causality
analysis (GCA) is a relatively data-driven analytical method that does
not require the design of a complicated task. It is more convenient for
clinical application than model-driven Structural equation modeling
(SEM) and Dynamic causal modeling (DCM) (Seminowicz et al.,
2004; Schlosser et al., 2008). GCA analyzes the direction of
information flow between brain areas using time series of information
processing and can depict resting-state directional brain networks
(Jiao etal., 2014). A prior study has demonstrated that the EC measure
may play a more important role than FC in exploring alterations in
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disease brains and afford better mechanistic interpretability (Geng
etal., 2018). Studies on MDD have reported abnormal EC in several
brain regions such as the amygdala (de Almeida et al, 2009),
prefrontal cortex (Hamilton et al., 2011), and insula (Iwabuchi et al.,
2014; Kandilarova et al., 2018), as well as in networks such as DMN,
SN, and DAN (Guo et al., 2020; Li et al., 2020; Wang et al., 2022).
However, the similarities and differences of EC between first-episode
and recurrent MDD in large-scale networks have been less studied
using GCA.

In this study, we obtained resting-state fMRI data from 839
patients with MDD and 788 matched normal controls (NCs) from the
Chinese REST-meta-MDD project. We used GCA to explore
alterations in the EC within and between brain networks in first-
episode and recurrent MDD. We also estimated the correlation
between EC and clinical assessments. Our hypothesis was that the two
MDD subgroups would show different changes in intra- and inter-
network EC.

Methods
Participants

We utilized rs-fMRI data from the REST-meta-MDD consortium
(Chen et al., 2023), comprising 1,300 MDD patients and 1,128 NCs
across 23 sites. Each participant underwent a T1-weighted structural
scan and an rs-fMRI scan. The patient inclusion criteria, as reported
in the study (Yan et al, 2019), were as follows: (1) 18years <
age < 65years; (2) education >5years; (3) fulfillment of the Diagnostic
and Statistical Manual of Mental Disorders-IV criteria for MDD; and
(4) a total score of >8 on the 17-item Hamilton Depression Rating
Scale (HAMD) at the time of scanning. The exclusion criteria
included: (1) any contraindications for undergoing MRI; (2) poor
spatial normalization, coverage, or excessive head motion; (3)
incomplete information; and (4) sites with fewer than 10 patients in
either group. Consequently, we obtained data from 839 MDD patients
and 788 NCs across 17 sites. In terms of subgroups, we compared 227
first-episode drug-naive (FEDN) patients with 388 matched NCs from
five sites, 189 recurrent MDD patients with 423 matched NCs from
six sites, and 117 FEDN patients with 72 recurrent MDD patients
from two sites. The HAMD and Hamilton Anxiety Rating Scale
(HAMA) were employed to assess depression and anxiety symptoms
in each patient, respectively.

All data were identified and anonymized. Local Institutional
Review Boards approved all contributing studies, and participants
signed a written informed consent at each local institution.

fMRI preprocessing

All rs-fMRI scans were preprocessed at each site utilizing the
identical DPARSF protocol as reported in Yan et al. (2019).
Specifically, the initial 10 volumes were discarded and slice-timing
correction was performed. Subsequently, a rigid body transformation
was used to realign the time series of images for each subject. After
that, individual T1-weighted images were co-registered to the mean
functional image using a 6 degrees-of-freedom linear transformation
without re-sampling, and then segmented into gray matter (GM),
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white matter (WM), and cerebrospinal fluid (CSF). Following this,
transformations from individual native space to MNI space were
computed using the Diffeomorphic Anatomical Registration
Through Exponentiated Lie algebra (DARTEL) tool (Ashburner,
2007) and applied to individual functional images. The Friston
24-parameter model, WM, and CSF signals were removed from
normalized data through linear regression. Lastly, a linear trend was
included as a regressor to account for drifts in the BOLD signal and
temporal band-pass filtering (0.01-0.1Hz) was applied to all
time series.

Effective connectivity analysis

We used the DOS-160 atlas (Dosenbach et al., 2010) to segment
the brain into 160 regions of interest (ROIs) involved in six networks:
cingulo-opercular network (CON), FPN, DMN, sensorimotor
network (SMN), visual network (VN), and cerebellum network (CN)
(Figure 1). We extracted the averaged time series for each ROI and
calculated the EC between any paired ROIs using the GCA method.
Then, we computed intra- and inter-network EC by averaging the
connectivities between ROIs belonging to the same or different
networks, respectively, and the averaged EC with each ROI or network
as a seed.

Statistical analysis

We employed a linear mixed model (LMM) (West et al., 2022) to
compare differences in EC between MDD and NC, FEDN and NC,
recurrent MDD and NC, and FEDN and recurrent MDD, respectively.
The model was following: y ~ 1 + Diagnosis + Age + Sex + Education +
Motion + (1]Site) + (Diagnosis |Site), in which y represents the EC
value. This yields ¢ and p values for the fixed effect of Diagnosis (Yan
etal, 2019). To test relationships between EC and clinical assessments,
we replaced the ‘y’ in the LMM with HAMD or HAMA scores,
respectively. The multiple comparisons were corrected using false
discovery rate (FDR) correction (p <0.05).

10.3389/fnins.2023.1308551

Results
Characteristics of participants

As shown in Table 1, two MDD subgroups had no significant
differences than NCs in age and gender (p>0.05), but showed lower
education than NCs (p<0.001). Recurrent MDD showed a longer
duration of illness than FEDN (p <0.001). FEDN and recurrent MDD
showed no significant differences in age, gender, and education
(p>0.05). Total MDD (mixture of FEDN and recurrent MDD) showed
significant differences in education (p <0.001) and gender (p=0.005)
but not age (p>0.05) compared with NCs.

Between-group differences in EC of
large-scale brain networks

As shown in Figures 2, 3, total MDD showed decreased afferent
EC to the CN, increased efferent EC from the FPN, and increased EC
from SMN to FPN compared with NCs. When MDD was divided into
two subgroups, FEDN showed increased EC from SMN to FPN
compared to NCs, and decreased EC from SMN to VN relative to
recurrent MDD. Recurrent MDD showed stronger efferent EC in the
ventral lateral prefrontal cortex (VIPFC) with all other regions in the
whole brain relative to both NCs and FEDN, and decreased afferent
to the CN and efferent EC from the SMN compared with NCs. The
FEDN showed no significant difference in seed-based network EC
compared to NCs, and the recurrent MDD showed no significant
difference in inter-network EC compared to NCs.

Correlation

The EC from CON to SMN showed a significant negative
correlation (p=0.004, R=—0.20) with the HAMD score in the FEDN
group (Figure 4). No significant correlations were observed in the total
MDD and recurrent MDD groups. There was no significant
correlations between EC and the HAMA score in all groups.

FIGURE 1

Default mode network
* Self-referential processes
Sensorimotor network
+ Motor and sensory ¢ e é
processes \ .'. P ... : @ t
(]
(] o ¥ { ]
LY A 670 23 . 0% °
OB andt X L0 © : Lo
° © g é °
3 95 ¢e®% J”ﬁ & o [l &Y ;’i .'.052{ &
cee® ¢ ...‘ - o q°® 7 0d € TR ‘W
OREONGL Ly Tty SIS ¢ SR LY SO S L X B
€ ¢ %6 o8 ¢ @ v % s‘.“c IR DR A
e LA A R SAeme N
© )
of%e WPl % s,
@ ....0 o Cingulo-opercular network
.“.\r ew: ‘ . \;igil:\llie A
© ¢ ® @ | * Goal-oriented control

« Emotional information processes

Brain networks from DOS-160 atlas used in the present study. DMN, default mode network; FPN, fronto-parietal network; CON, cingulo-opercular
network; SMN, sensorimotor network; VN, visual network; CN, cerebellum network.

Frontiers in Neuroscience

03

frontiersin.org


https://doi.org/10.3389/fnins.2023.1308551
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Zhu et al.

0.865
0.263

0.270

0.566

<0.001

1.000

0.371

0.342

36.3+12.7
30(41.7%)

12.0+3.5

0.07+0.03

88.7+80.1

21.3+5.8

11.4+10.5

FEDN vs RMDD

354+11.3
40(33.6%)

11.5+3.4

0.06+0.03

27.0+39.5

22.1+4.2

11.2+8.3

0.333
0.613

<0.001

0.910

NA

1.000

NA

37.1+14.1
167(39.1%)

RMDD vs NC

13.4+3.8

0.07+0.04

NA

NA

NA

354+12.5
78(41.3%)

11.7+3.2

0.07+£0.04

92.7+86.1

17.7+£7.8

13.9+10.5

0.154
0.214

<0.001

0.455

1.000

NA

NA

35.7+14.2
152(38.6%)

FEDN vs NC

13.6+3.6

0.07+£0.04

NA

NA

NA

32.7+10.4
78(33.6%)

122+34

0.06+0.03

17.7+30.8

22.5+5.4

21.9+9.3

0.313
0.005

<0.001

0.920

NA

1.000

NA

NA

344+13.0
474(42.1%)

MDD vs NC

13.6+3.4

0.07+0.04

NA

17

NA

NA

343+11.5
474(36.5%)

12.0+3.4

0.07+0.04

38.4+60.6

17

21.7+6.6

19.2+89

Sex (male, n%)

Age

TABLE 1 Demographic characteristics of participants.

Education

Head Motion

Duration (month)

Site

HAMD

HAMA
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Discussion

This study used GCA to explore alterations in EC within and
between resting-state networks in FEDN and recurrent MDD patients
in a large-sample Chinese population. We found that: (1) recurrent
and total MDD showed altered EC in the FPN, SMN, and CN
compared to NCs, while FEDN and total MDD showed altered inter-
network EC from SMN to FPN compared to NCs; (2) two MDD
subgroups showed significant differences in intra-network EC of the
vIPFC within the FPN and in inter-network EC from SMN to VN; (3)
the EC from CON to SMN showed a significant negative correlation
with the HAMD score in FEDN but not in recurrent MDD group.
These findings suggest that the EC among large-scale brain networks
at rest was disrupted in patients with MDD, and that recurrent MDD
exhibited different effective connections from FEDN.

The previous studies demonstrated that repetitive transcranial
magnetic stimulation to the VIPFC reduced individual
depersonalization symptoms (American Psychiatric Association,
2013; Jay et al,, 2016). Increased activity in this region is linked with
increased fronto-insula/limbic inhibitory regulation (Lemche et al.,
2007) and may represent an increased effort to regulate emotions or
be indicative of deficits in this area (Langenecker et al, 2007).
Compared with healthy controls and MDD patients, bipolar disorder
(BD) patients showed increased ventral prefrontal cortical responses
to both positive and negative emotional expressions (Lawrence et al.,
2004). A prior magnetic resonance spectroscopy study found that
recurrent MDD showed more metabolite abnormalities in the ventral
frontal cortex compared with both first-episode MDD and controls
(Portella et al., 2011). A recent functional near-infrared spectroscopy
study demonstrated different neurofunctional activity in frontal
regions in FEDN and recurrent MDD, which linked between the level
of complexity activation in these regions and cognitive impairment
severity of patients (Yang et al., 2023). Another recent fMRI study
reported that recurrent MDD had higher spontaneous brain activity
in the prefrontal cortex compared to first-episode depression, which
showed a positive correlation with depressive symptom severity (Sun
et al., 2022a,b). Effective connectivity analysis revealed mutually
propagating activation in ventral prefrontal cortex in people with
MDD, which predicted higher levels of depressive rumination
(Hamilton et al., 2011). Consistently, our study found that recurrent
MDD had increased EC in the vIPFC compared with both FEDN and
NCs, suggesting more severe depressive symptoms in recurrent
patients, possibly associated with depersonalization, emotional
regulation, and rumination.

Recent studies have demonstrated that the cerebellum plays a
significant role in motor control, cognition, and emotion
(Balasubramanian et al., 2021; Su et al., 2021). For example, Liu et al.
(2012) found disrupted FC of the CN in adults with major depression,
which could be associated with emotional disturbances and cognitive
deficits. Liu et al. (2022) reported altered EC of the CN in patients with
MDD, which was correlated with deficits in spatial-visual attention
and psychomotor disorders. The FPN, also referred to as the executive
network, plays a pivotal role in control function, execution, and
emotion processing. It is strongly associated with cognitive problems
in depression, especially those concerning executive functions.
Dysfunctions within the FPN are likely connected to ineffective
transmission of information between parietal and prefrontal regions
(Brzezicka, 2013). Studies also reported alterations in FC strengths in
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Differences between groups in effective connectivity of brain networks. FEDN, first-episode drug-naive; RMDD, recurrent major depression disorder;
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FIGURE 3
Inter-network differences in effective connectivity between groups. FEDN, first-episode drug-naive; RMDD, recurrent major depression disorder; FPN,
fronto-parietal network; SMN, sensorimotor network; VN, visual network. *#p < 0.05; ***p < 0.001.

the frontal and sensorimotor networks (Pang et al, 2020) and  impairments of cognitive processing, perception and information

disrupted interhemispheric coordination in SMN in MDD patients  integration (Lu et al., 2020), and treatment response-related changes
(Zhang et al., 2023). Moreover, individuals with long-duration MDD
showed increased FC in the FPN compared to those with short-
duration MDD (Sheng et al., 2022). Similarly, the present study found
altered EC of the FPN, CN, and SMN in total MDD and recurrent

MDD but not in FEDN, which could be associated with functional

in depression (Dichter et al., 2015). These findings may serve as a
potentially effective biomarker for recurrent MDD.

Many studies have found significantly altered connections in
low-order networks such as the SMN and VN in MDD patients
(Wei et al., 2015; Sambataro et al., 2017). The sensorimotor
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CON SMN

FIGURE 4

Correlation between effective connectivity and HAMD score. The
effective connectivity from CON to SMN shows a significant negative
correlation with the HAMD score in the FEDN group.

cortex is a brain region that has attracted much attention in
depression research (Ray et al., 2021). Several sensorimotor
interventions, including light, music, and physical exercise are
known to modulate mood and depressive symptoms (Canbeyli,
2013). Depression gives rise to sensorimotor alterations such as
psychomotor retardation or agitation and feelings of fatigue,
which are part of the diagnostic criteria for depression (Guha,
2014). Previous studies have found alterations of FC and cerebral
blood flow in the SMN related to psychomotor retardation in
patients with depression (Yin et al., 2018; Yu et al., 2019), while
task-based fMRI studies showed differential reactions of the
visual cortex in depression (Rosa et al., 2015; Le et al., 2017). Lu
et al. (2020) found reduced between-network FC in auditory and
visual networks associated with depression. Kang et al. (2018)
demonstrated abnormal primary somatosensory area-thalamic
FC in MDD. Moreover, abnormal ECs among the FPN, VN, and
SMN networks have been reported to be related to visual
attention and cognitive behavior deficits in MDD patients (Kang
et al., 2018). Therefore, the present study observed increased EC
from SMN to FPN in both total MDD and FEDN compared to
NCs, which may be compensation for sensory impairments,
psychomotor retardation, and cognitive dysfunction of patients.
In addition, a recent study uncovered that the ECs in
sensorimotor cortices may serve as a promising and quantifiable
candidate marker of depression severity and treatment response
(Ray et al., 2021). Another study found that changes in
information flow direction from SMN before and after
electroconvulsive therapy were significantly correlated with
improvement in depressive symptoms in MDD patients (Kyuragi
et al., 2023). A small-sample study found that patients with
MDD
connections compared to patients with first-episode MDD,

recurrent showed remarkably different effective

especially related to the attention network (Wang et al., 2022).
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Thus, the increased EC from the SMN to the VN in recurrent
MDD relative to FEDN in the present study may be associated
with depression severity and treatment of patients. Furthermore,
the EC from CON to SMN negatively correlated with the HAMD
score may serve as a biomarker to predict the severity of MDD.

Limitations

The present study has several limitations. First, the
correlation analysis relied solely on HAMD scores of depression.
There are a large number of rating scales for assessing depression
severity, and each with its own advantages and limitations. Thus,
the present neuroimaging findings could be further validated
with a combination of observer rating scales and objective
behavioral measures of depression (Lahnakoski et al., 2020).
Second, we were unclear about the medication history of the
recurrent MDD patients, and therefore the present findings are
in need of replication. Third, MDD patients in the present study
were the Chinese populations, which might not be generalized to
other regions or populations. Fourth, the use of LMM should
be discussed with regard to its potential limitations, such as its
comparison to other methods or its applicability to this specific
study. Finally, as a cross-sectional study, changes in connections
with disease progression cannot be thoroughly reflected by the
limited nodes. Further efforts, such as intervention studies with
comparisons before and after medication, are required to draw
valid conclusions on the impact of EC.

Conclusion

The present study used the GCA method to investigate
differences in EC of large-scale brain networks in FEDN and
recurrent MDD patients. We found that recurrent MDD showed
altered EC in the FPN, SMN, and CN, while FEDN showed
altered inter-network EC from SMN to FPN compared with NCs.
Meanwhile, the ECs within FPN and from SMN to VN displayed
significant differences between two MDD subgroups. Moreover,
the EC from CON to SMN showed a significant negative
correlation with HAMD scores in FEDN but not recurrent MDD
group. These findings suggest that first-episode and recurrent
MDD may have different effective connectivity patterns among
large-scale brain networks, which may serve as potential
biomarkers for diagnosing MDD.
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