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A B S T R A C T   

Major depressive disorder (MDD) is the leading mental disorder and afflicts more than 350 million people 
worldwide. The underlying neural mechanisms of MDD remain unclear, hindering the accurate treatment. Recent 
brain imaging studies have observed functional abnormalities in multiple brain regions in patients with MDD, 
identifying core brain regions is the key to locating potential therapeutic targets for MDD. The Granger causality 
analysis (GCA) measures directional effects between brain regions and, therefore, can track causal hubs as po-
tential intervention targets for MDD. We reviewed literature employing GCA to investigate abnormal brain 
connections in patients with MDD. The total degree of effective connections in the thalamus (THA) is more than 
twice that in traditional targets such as the superior frontal gyrus and anterior cingulate cortex. Altered causal 
connections in patients with MDD mainly included enhanced bottom-up connections from the thalamus to 
various cortical and subcortical regions and reduced top-down connections from these regions to the THA, 
indicating excessive uplink sensory information and insufficient downlink suppression information for negative 
emotions. We suggest that the thalamus is the most crucial causal hub for MDD, which may serve as the 
downstream target for non-invasive brain stimulation and medication approaches in MDD treatment.   

1. Introduction 

Major depressive disorder (MDD), one of the most prevalent mental 
disorders, is characterized by abnormal symptoms in mood, cognition, 
and physical activities. MDD impairs multiple psychological functions in 
most brain regions and affects more than 350 million people worldwide. 
Moreover, it is the leading cause of disability and a primary factor in the 
global burden of disease (Santomauro et al., 2021). Thus, it is urgent to 
find key intervention targets for the treatment of MDD. 

A consensus has been reached that patients with MDD suffer from 
dysfunctions in extensively connected brain regions via axonal path-
ways (Gong and He, 2015). However, these brain regions are not equally 
affected by depressive symptoms. For instance, dysfunctions in the 
dorsal lateral prefrontal cortex, anterior cingulate cortex, and insular are 
more frequently reported in patients with MDD (Connolly et al., 2013; 
Du et al., 2018; Sridharan et al., 2008; Wang et al., 2016). These regions 
are considered functional hubs due to their heavy connections with 
others and critical roles in MDD. Since pathological changes tend to 
occur in network hub regions of the brain (Crossley et al., 2014), while 

hub regions have a more widespread effect on network dynamics and 
cognitive impairment (Honey and Sporns, 2008; Warren et al., 2014), 
hub-based intervention would effectively improve the treatment effi-
ciency of MDD. 

Compared with functional hubs, effective hubs reflect the regions 
with heavily directional influences on multiple regions (Ishida et al., 
2020; Rao et al., 2018). Several causal models were put forward to 
measure effective connections among brain regions, such as the dynamic 
causal modeling (DCM) (Friston et al., 2010), structural equation 
modeling (SEM) (Anderson et al., 1988), and Granger causality model 
(GCM) (Granger, 1969). The first two are hypothesis-driven models, 
whereas the latter is a data-driven approach. Granger causality analysis 
(GCA) is a method based on a linear regression model, and its principle 
was briefly described as follows. Suppose there are two time-series X and 
Y. If the past value of X is helpful to predict the current value of Y, it can 
be said that × Granger causes y and the effect can be measured by the F 
test on mean squared error prediction of Y with and without X. The GC 
approach is suitable for a systematic study of the whole brain, especially 
during resting-state brain activity. The GC approach is nonparametric 
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and computationally straightforward (Roebroeck et al., 2005; Seth et al., 
2013), thus providing a unique, unbiased solution for effective 
connection (Bielczyk et al., 2019). In recent years, the GC approach has 
been widely used to investigate the intrinsic effective connectivity (EC) 
network in resting-state functional magnetic resonance imaging (rs- 
fMRI) data (Bi et al., 2019; Iwabuchi et al., 2017; Jiang et al., 2017). The 
alteration of EC networks in MDD patients is viewed as an important 
aspect of pathogenesis and potential intervention targets of MDD (Feng 
et al., 2016; Hamilton et al., 2011; Yang et al., 2021a). 

This article, therefore, aimed to provide the potential intervention 
target for MDD by reviewing the abnormal EC patterns in MDD patients 
based on GC studies and locating the hub region in the abnormal EC 
patterns. We discussed how these abnormalities affect MDD patients and 
the potential of the hub region as an effective target for the treatment of 
MDD. 

2. Methods 

We searched PubMed, ProQuest, Web of Science, EBSCO, Google 
Scholar, ScienceDirect, and PsycInfo using the query (depression OR 
depressive OR MDD) AND (fMRI OR functional MRI OR functional magnetic 
resonance imaging) AND (“Granger”) to find out literature that studies 
abnormal ECs of fMRI using the GC approach in patients with MDD. We 
repeated the search twice during the review to track the latest publi-
cations, and the most recent search was performed on March 16, 2022. 
In addition, we checked the references of the studies we reviewed in case 
any relevant studies were not retrieved. 

We only had one inclusion criterion: these pieces of literature re-
ported abnormal Granger causality in MDD patients compared with 
normal controls. Based on this criterion, we screened out 19 articles, but 
for some reason, several studies were not included in the subsequent 

Table 1 
Literature summary.  

Study Sample 
Size 

Age, mean 
(s.e.) 

% 
Female 

Study 
design 

Decreased Connectivity Increased Connectivity 

From To From To 

(Hamilton et al., 
2011) 

16 
(MDD),14  
(Controls) 

34.6 
(1.6),30.4  
(2.4) 

62 %, 
43 % 

Rest state HIP vACC, DLPFC   
MPFC, DLPFC vACC 
DMPFC vSTR 

(Iwabuchi et al., 
2014) 

16 
(MDD),16  
(Controls) 

34.4 (6.7), 
33.8 (6.4) 

56 %, 
56 % 

Rest state CAU, THA INS INS, ACG, PUT, IFGtriang SFGdor 
SFGdor ORBsupmed, INS CAL, LING, CUN, PUT, INS, PAL, 

CAU, AMYG, HIP, ORBmid, 
ORBsupmed, CRBL6, 
CRBLCrus1, IOG, FFG 

THA 
THA PUT, INS, PAL, CAU, 

ORBsupmed, AMYG, 
IFGtriang, HIP 

(Grant et al., 
2014) 

19 
(MDD),20  
(Controls) 

34.5 
(10.7),31.2  
(9.2) 

55 %, 
53 % 

Eriksen 
flanker 
task 

DOG AMYG, ACC, MFG MFG AMYG, 
ACC 

(Guo et al., 2015) 44 
(MDD),44  
(Controls) 

27.5 (8.6), 
29.4 (6.7) 

50 %, 
55 % 

Rest state ITG INS ANG STG, 
IFGoperc 

ITG CRBL6 
(Tadayonnejad 

et al., 2016) 
19 
(MDD),20  
(Controls) 

27.4 
(7.8),31.8  
(10.2) 

63 %, 
65 % 

Rest state   THA ANG, 
PreCG 

(Gao et al., 2016) 22 (MDD), 
22 
(Controls) 

38.4 (11.1), 
36.7 (10.9) 

59 %, 
29 % 

Rest state PreCG, ORBsup SFGdor STG, MTG, HES, INS, CRBL45, 
Vermis45 

CAU      

ORBsup MFG PreCG, ACG        
MFG, IFGtriang, 
ORBinf 

ORBsup        

ORBmid ORBsupmed, ACG        
SFGdor, ORBsupmed, 
IFGtriang, IFGoperc, 
TPOmid, DCG, DOG 

ORBmid        

ORBinf SFGdor, PreCG, FFG, 
MOG, CAL   

(Feng et al., 
2016) 

23 (MDD), 
20 
(Controls) 

31.5 (6.9), 
30.1(7.5) 

70 %, 
70 % 

Rest state INS, PUT ACC IFGtriang, ORBmid ACC        

ACC PUT 
(Jiang et al., 

2017) 
20 (MDD), 
20 
(Controls) 

41.8 (14.2), 
41.6 (13.6) 

55 %, 
65 % 

Rest state PCG INS, STG   

(Wang et al., 
2017a) 

23 (MDD), 
25 
(Controls) 

38.7 (11.0), 
39.5 (8.1) 

52 %, 
52 % 

Rest state   FFG AMYG 

(Jiang et al., 
2019) 

20 (MDD), 
20 
(Controls) 

41.8 (14.2), 
41.6 (13.6) 

65 %, 
65 % 

Rest state CRBL45 THA, SFGmed   

(Wang et al., 
2020) 

23 (MDD), 
25 
(Controls) 

38.7 (11.0), 
39.5 (8.1) 

52 %, 
52 % 

Rest state   MFG ANG 

(Luo et al., 2021) 27 (MDD), 
54 
(Controls) 

29.7 (7.3), 
29.4 (6.3) 

63 %, 
63 % 

Rest state FFG CUN, CRBL6   

(Gao et al., 2021) 23 (MDD), 
25 
(Controls) 

38.7 (11.0), 
39.5 (8.1) 

52 %, 
52 % 

Rest state ANG THA   

This table lists the main findings of the studies discussed in this review, and a full representation of the brain regions involved in the table can be found in Table 2. 
Abbreviation list. 
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analysis of abnormally effective connectivity. Among them, some au-
thors reported the different dynamic GC connectivity patterns between 
the patients with depression and normal subjects, but the dynamic 
connectivity cannot be analyzed in the same framework as the static 
connectivity (Lu et al., 2013). A study showed abnormal connections at 
the brain network level but did not report specific brain area informa-
tion (Wei et al., 2015). Research has shown that decreased flexibility of 
the salience network (SN) compared with the controls rather than the 
abnormal connectivity (Wei et al., 2017). Two studies investigated the 
abnormal connection patterns between MDD patients and patients with 
amnestic mild cognitive impairment disease or Parkinson’s disease, 
which lacked results compared with normal controls (Liang et al., 2016; 
Zheng et al., 2017). The study of Yang et al. only reported the connec-
tivities that had changed but did not indicate whether the changes were 
enhanced or weakened (Yang et al., 2021a). 

It is worth mentioning that two studies have reported changes in 
brain connectivities before and after treatment. Since we are interested 
in MDD-specific connectivity patterns rather than treatment effects, if 
some effective connectivities of patients are enhanced after therapy, and 
these changes are related to improving disease symptoms, we assumed 
that such weakened connections are pathological. In this way, we also 
incorporate these connections into the subsequent analysis (Gao et al., 
2021; Wang et al., 2020). Thirteen articles were included in the 
following analysis. See Table 1 for details. 

We extracted abnormal ECs in patients with MDD relative to healthy 
controls in each study and divided them into enhanced ECs and weak-
ened ECs. Because the coordinate system and naming of brain regions 
were inconsistent in different studies, we converted the Talairach co-
ordinates to the MNI coordinates with the tal2cbm toolkit https://www. 
brainmap.org/ale/index.html (Lancaster et al., 2007) and renamed 
brain regions with the AAL116 template (Tzourio-Mazoyer et al., 2002). 

The template has been registered along with the MRI and PET images so 
that using it as a mask can effectively extract information from different 
brain regions. In addition, it is also one of the most widely used tem-
plates, which facilitates communication. It is worth noting that if there 
are N studies reporting the same edge, we assign a weight value of N to 
this connectivity. Then, we used the BrainNet Viewer toolbox (Xia et al., 
2013) to draw extracted ECs into a directed connectivity graph and 
counted the total degree (sum of input degree and output degree) of each 
node (Mrvar and Batagelj, 2016). In this research, we use graph theory’s 
index “total degree” to define hubs, which are defined as several brain 
regions with an enormous total degree in abnormal ECs patterns. 
Moreover, Grubbs’ test is used to detect outliers, i.e., whether there is a 
node whose total degree deviates abnormally from the mean (>three 
standard deviations) among all the nodes’ total degrees (Grubbs, 1950). 

3. Results 

The extracted abnormal ECs were summarized (abnormal ECs in 
each study were shown in Table 1) and the connection map was ob-
tained. As shown in Fig. 1A, the abnormal EC network in patients with 
MDD is composed of 37 nodes, where green lines and red lines represent 
weakened and enhanced ECs in the MDD group than in the control 
group, respectively. Among these nodes, the total degree of THA was the 
largest (see Fig. 1B). According to the elbow principle and the Grubbs’ 
test (G = 5.47 > G0.01 = 3.20, df = 37), THA was the only outlier; we 
believe that THA plays a crucial role in the abnormal EC network of 
MDD. Fig. 1C shows abnormal ECs between the THA and other nodes, 
primarily including enhanced ECs from the THA to SFGdor, INS, basal 
ganglia (PAL, PUT, CAU), and limbic system (e.g., ORBsupmed, AMYG, 
and HIP) and weakened ECs from the INS, limbic system (e.g., ORBmid, 
AMYG, HIP), and visual cortex (e.g., CAL, CUN, LING, IOG, and FFG) to 
the THA. 

4. Discussion 

MDD is a mental disorder characterized by widespread network 
abnormalities. To shed light on the effective intervention target for 
MDD, we reviewed abnormal ECs in patients with MDD compared to 
healthy controls. As shown in Fig. 1, the total degree of abnormal ECs 
was the largest in the THA among all reported brain nodes, which may 
serve as a causal intervention target for the treatment of MDD. 

The THA, as a relay station, transmits most of the sensory informa-
tion to appropriate parts of the cerebral cortex (Levin et al., 1991). It has 
been shown that the THA is involved in emotion, arousal, and self- 
referential processing (Taber et al., 2004; Young et al., 2017) and par-
ticipates in the emotional salience network and the emotional regulation 
network (Yamamura et al., 2016). Peters et al. suggested that the 
cortico-striatal-thalamic-cortical (CSTC) loop of the salience network is 
a cross-diagnostic feature of a variety of neuropsychiatric diseases, 
including MDD (Peters et al., 2016). In this loop, the mediodorsal nu-
cleus of the thalamus (MDT), as a relay nucleus, integrates information 
from cortical, limbic, and striatal to help with flexible action selection 
(Delevich et al., 2015). At the same time, it serves as a part of the reward 
circuit to help project information from the ventral striatum to the 
prefrontal cortex (Haber and Knutson, 2010), which was found to cause 
deficits in MDD patients (Kim et al., 2019; Sachs-Ericsson et al., 2018). 
Our summary showed abnormalities of ECs in the circuits and abnormal 
information flowing between the limbic system and THA in patients 
with MDD, arguing for the critical role of THA as a causal hub in patients 
with MDD. 

Abnormal bidirectional ECs between the basal ganglia and THA were 
discovered. The basal ganglia are subcortical structures that include the 
striatum (CAU and PUT) and PAL. In patients with MDD, ECs from the 
striatum and PAL to THA were weakened, and ECs in the opposite di-
rection were strengthened. Collected evidence shows that the striatum is 
involved in the reward circuit, and its dysfunction will affect the coding 

Table 2 
This table explains the abbreviations for all brain regions referred to in the text 
and Table 1.  

Abbreviation  

SFGdor Superior frontal gyrus, dorsolateral 
SFGmed Superior frontal gyrus, medial 
MFG   Middle frontal gyrus 

PreCG Precental gyrus 
ORBsup Superior frontal gyrus, orbital part 
ORBmid Middle frontal gyrus, orbital part 
ORBsupmed Superior frontal gyrus, medial orbital 
IFGtriang Inferior frontal gyrus, triangular part 
IFGoperc Inferior frontal gyrus, opercular part 
STG Superior temporal gyrus 
MTG Middle temporal gyrus 
ITG Inferior temporal gyrus 
TPOmid Temporal pole: middle temporal gyrus 
FFG Fusiform gyrus 
HES Heschl gyrus 
SPG Superior parietal gyrus 
ANG Angular gyrus 
CUN Cuneus 
INS Insula 
ACG Anterior cingulate and paracingulate gyri 
DCG Median cingulate and paracingulate gyri 
PCG Posterior cingulate gyrus 
IOG Inferior occipital gyrus 
MOG Middle occipital gyrus 
CAL Calcarine fissure and surrounding cortex 
LING Lingual gyrus 
CAU Caudate nucleus 
PUT Lenticular nucleus, putamen 
PAL Lenticular nucleus, pallidum 
THA Thalamus 
HIP Hippocampus 
AMYG Amygdala 
CRBL Cerebellum superior  
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of reward information (Der-Avakian and Markou, 2012), which may 
lead to one of the core symptoms of MDD, that is, anhedonia (Gabbay 
et al., 2013; Takamura et al., 2017). There are bidirectional anatomical 
connections between the striatum and THA (Alexander et al., 1991). The 
activity of the striatum is driven by glutamatergic input from the thal-
amus and cortical regions (Alloway et al., 2017), while increased blood 
flow and hyperactivity in the THA would increase the information flow 
from THA to the striatum (Hamilton et al., 2012; Iwabuchi et al., 2014). 
The prominent sensory stimulation and environmental information 
transmitted through the thalamostriatal pathway are involved in regu-
lating attention shift and behavioral flexibility (Kato et al., 2018). In the 
opposite direction, reduced responses in the striatum caused by lower 
dopamine transporter would reduce information flow from the striatum 
to THA (Meyer et al., 2001). Convergent evidence has shown that the 
striatum is involved in reward expectations, reward-based learning, and 
goal-oriented behavior besides processing input sensory information 
(Haruno et al., 2004; Robinson et al., 2012). The striatum dysfunction 
may lead to one of the core symptoms of MDD, that is, anhedonia (a 
psychopathological state of inability to experience happiness) (Gabbay 
et al., 2013; Takamura et al., 2017; Yang et al., 2021b). The relationship 
between PAL and MDD has also been studied. PAL is involved in the 
reward circuits of the ventral striatum (Haber and Knutson, 2010). 
Compared with healthy controls, the asymmetry of PAL in MDD patients 
is reduced, and the grey volume of PAL is directly related to the number 
of prior depressive episodes (Lacerda et al., 2003), and post-mortem 
studies also found smaller PAL volume in MDD (Bielau et al., 2005; 
Drevets, 2022; Sheline, 2003). These findings suggest that basal ganglia 
may play a role in the pathophysiology of MDD. Increased sensory in-
formation from the THA to basal ganglia and decreased reward infor-
mation in the opposite direction potentially contribute to the anhedonia 
and negative attention bias of MDD patients (Chen et al., 2021). 

Enhanced ECs were also observed from the THA to the limbic system 
[e.g., the ORBsupmed and ORBmid parts of the orbitofrontal cortex 
(OFC), AMYG, and HIP], whereas reduced ECs were found in the 
opposite direction. The OFC plays a crucial role in several psychiatric 
and neurological disorders because of its involvement in a wide range of 
psychological functions such as emotional processing and regulation 
(Gilbert et al., 2010), autobiographical memory (Liu et al., 2017), 
decision-making (Bechara et al., 2000), and integration of sensory 

information (Price, 1999). The gray matter volume of the OFC in MDD 
patients is reduced, which may lead to inefficient suppression of 
excessive negative emotions from the THA and reduced ECs to THA via 
anatomical connection (Kringelbach, 2005; Wagner et al., 2008). On the 
other hand, the thalamus connects to the OFC via the amygdala, a core 
structure of the limbic system (Timbie and Barbas, 2015). The activation 
of THA glutamatergic neurons terminated in the amygdala is associated 
with depression-related behaviors (Zhao et al., 2021). Compared with 
the normal population, the hyperactivity of THA in depressed patients 
increased the negative information projected to the AMYG, which may 
overflow the processing capacity of the AMYG, in turn leading to 
insufficient suppression of negative signals and reduced ECs from the 
AMYG to THA (Iwabuchi et al., 2014; Lau et al., 2009; Suslow et al., 
2010; Yang et al., 2010). In addition, the overactivity of THA was 
associated with increased levels of glucocorticoids in MDD patients, 
leading to the atrophy of HIP via the glucocorticoid receptors in the HIP 
(Frodl and O’Keane, 2013; Yi et al., 2017). The variability of gray matter 
volume and activity in the HIP are fundamental causes of negative 
emotions and dysfunctions of cognitive processing, especially memory 
impairment in patients with depression (Iwabuchi et al., 2014; Price and 
Drevets, 2010; ̌Stillová et al., 2015; Zhang et al., 2018). Of note, the OFC 
and limbic systems, including THA, HIP, and AMYG, are important parts 
of the affective network. Abnormal ECs in this network (Iwabuchi et al., 
2014; Tadayonnejad et al., 2016) are closely related to the weakened 
top-down control of the limbic system in depressed patients (Carballedo 
et al., 2011; He et al., 2016; Long et al., 2015). 

The THA (especially the lateral geniculate nucleus), INS, and visual 
cortex constitute a salience detection system for survival-related infor-
mation (Georgiadis and Kringelbach, 2012; Shi and Davis, 1999; 
Tischler and Davis, 1983). The INS is involved in a variety of functions, 
including sensorimotor, pain, attention, decision-making, and socio- 
emotional processes (Gasquoine, 2014). Wang et al. found increased 
gray matter volume in the INS of MDD patients (Wang et al., 2017b), 
which may result in the discoordination of the salience network to 
integrate sensory information from THA (Gogolla, 2017). This is 
consistent with the view of Hamilton et al., who believe that the inter-
ruption of the THA-INS connection may cause the failure of sensory 
information to be transmitted along the CSTC circuit to SFGdor (Ham-
ilton et al., 2012). In addition, structural and functional abnormalities 

Fig. 1. Abnormal ECs in patients with MDD. (A) Abnormal ECs among 37 nodes. Red lines represent increased ECs, while green lines represent weakened ECs in 
patients with MDD. (B) Ten nodes with the highest total degree. (C) Abnormal ECs between the THA and other brain areas in patients with MDD. Red lines represent 
increased ECs, while green lines represent weakened ECs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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were widely reported in the visual cortex of MDD patients. For example, 
MDD individuals showed hypoactivity in CAL, CUN, IOG, and FFA (Li 
and Wang, 2021; Liu et al., 2013) and larger volumes in LING (Jung 
et al., 2014). These abnormalities may disrupt the information flow from 
the visual cortex to THA. Overall, increased information from the THA to 
INS, primarily through the AMYG, may cause more negative information 
perceived by patients with MDD (Peluso et al., 2009; Suslow et al., 
2010). However, decreased information from the INS and visual cortex 
to THA may indicate that MDD patients cannot successfully inhibit these 
negative signals, thus falling into negative attention bias and pessimistic 
thinking (Jaworska et al., 2015; Piscopo et al., 2013). 

The SFGdor is invariably involved in MDD because of its critical role 
in many cognitive and emotional processes, including self-awareness 
(Lutz et al., 2016), working memory (Seeley et al., 2007), and 
emotional regulation (Kuhn et al., 2011). Enhanced EC from the THA to 
SFGdor may increase the burden of SFGdor, even exceed its processing 
capacity due to the dysfunctions of SFGdor in patients with MDD (Bora 
et al., 2012; Tadayonnejad et al., 2016), which further leads to the defect 
of top-down regulation of negative emotions (Webb et al., 2014). 

Overall, the abnormal EC patterns centered on the THA hub in pa-
tients with MDD are primarily associated with enhanced bottom-up in-
formation input from the THA to the cortex and limbic system and 
reduced top-down modulation from those regions to THA (Campus 
et al., 2019; Hirata et al., 2006). As a tightly connected “central core” of 
brain regions, the THA plays a crucial role in regulating emotion and 
cognition (Kang et al., 2018). There is evidence that the density of THA 
neurons is higher (Young et al., 2004), and the local cerebral blood flow 
is increased in patients with MDD (Hamilton et al., 2012). The fractional 
amplitude of low-frequency fluctuations in the right THA is positively 
correlated with depressive symptoms (Tadayonnejad et al., 2015). The 
strengthened THA functional connections (FC) are also related to the 
decline of cognitive function (Kang et al., 2018; Koenig et al., 2019). 
When depression patients received sertraline treatment, the resting-state 
FC between the medial thalamus and the dorsal anterior cingulate gyrus 
returned to normal (Anand et al., 2005), and the thalamic metabolism 
decreased with the remission of the disease (Holthoff et al., 2004). The 
GC analysis also found abnormal causal connections between THA and 
widespread brain regions (Iwabuchi et al., 2014; Tadayonnejad et al., 
2016), indicating that THA is a promising target for the intervention of 
depression. 

Finally, the THA consists of seven sub-regions connected to different 
cortical areas (Behrens et al., 2003), endowing it with the possibility of 
precise intervention for different symptoms. Depression-related symp-
toms are sensitive to deep brain stimulation (DBS) in the anterior 
thalamic nuclei (ANT) (Drane and Pedersen, 2019; Fisher et al., 2010), 
mediodorsal thalamus (MDT) (Young et al., 2004), and inferior thalamic 
peduncle (Jiménez et al., 2007). The mediodorsal thalamus is also a 
critical network node in studies with electroconvulsive therapy (ECT) 
and repetitive transcranial magnetic stimulation (rTMS) on the SFGdor 
(George et al., 1994; Leaver et al., 2015; Li et al., 2004). However, 
systematic studies are still lacking on the intervention effect of different 
THA sub-regions as precise targets of different depressive symptoms. 

Several limitations should be noted. The first is the methodological 
problem of GC, which may suffer from explanatory causality ambiguity 
and instability (Solo, 2016; Stokes and Purdon, 2017). The second 
limitation stems from the articles we reviewed. The limited number of 
studies reviewed in this study may lead to a biased result, and the fact 
that most studies used a ‘seed’ approach to explore EC and the lack of 
subdivision of brain regions (especially the THA we are concerned 
about) limits the discussion of our results. This is something that needs 
to be further explored in future studies. 

In conclusion, this article provides aggregated GC evidence for the 
hub role of THA in patients with MDD by showing heavily enhanced 
bottom-up ECs from the THA to cortical and subcortical regions and 
reduced top-down ECs from these regions to the THA. It is noteworthy 
that a large proportion of the GC studies on brain disorders focused on 

MDD. Although with different purposes and regions of interest, most 
literature revealed that the THA is a hub node responsible for MDD 
symptoms. Considering specific connections between sub-regions of the 
THA and various brain regions, we argue that the THA can serve as the 
target of precision intervention for different MDD symptoms. 
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