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ARTICLE INFO ABSTRACT
Keywords: Increasing data suggests major depressive disorder (MDD) involves abnormal functional connectivity within a
Depression variety of large-scale brain networks. However, due to the use of unstandardized parcellation schemes, the in-
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teractions between these networks and the specific neuroanatomic substrates involved requires further review.
We therefore sought to conduct a meta-analysis of functional connectivity changes encountered in MDD using a
detailed and standardized parcellation scheme. A literature search for relevant resting-state fMRI studies related
to MDD in PubMed was conducted. BrainMap’s GingerALE 2.3.6 extracted the relevant fMRI data for creation of
an activation likelihood estimation (ALE). A sphere was placed at the MNI coordinate of each ALE cluster and
seed origin point, and the Human Connectome Project (HCP) parcellation schema was projected on these
spheres. The parcellations most present in the ALE were analyzed based on their associated functional network
and/or subcortical area to identify abnormal pairs based on the ALE and seed origin parcellation. Ultimately, 483
subjects across 15 studies were analyzed, wherein areas of decreased or increased functional connectivity
compared to healthy controls were identified. Our MDD model most commonly implicated increased default
mode network (DMN)-central executive network (CEN) pairs, while decreased paired networks commonly
included the DMN with other brain networks. All intra DMN-DMN connections and salience network (SN) pairs
showed decreased functional connectivity, while all intra CEN—CEN functional connectivity were increased
compared to controls. We hypothesize that our findings of abnormal connectivity between the DMN, CEN, and
SN core cognitive networks may demonstrate the inappropriate allocation of cognitive resources and cognitive
depletion believed to cause persisting rumination in depression. Despite previous claims, DMN connectivity was
found to be generally decreased, and we propose its connectivity direction is dependent on its interacting
network partner and the specific parcellations involved. While both of these hypotheses remain speculative and
require further validation, our work provides a comprehensive and anatomically precise model to be refined in
future studies focusing on the functional connectivity underlying MDD pathophysiology.

1. Introduction unable to perform daily tasks and reducing productivity (Simon, 2003).
MDD diagnosis is based on a constellation of behavioral symptoms ac-

Major depressive disorder (MDD) is a common psychiatric disease cording to the Diagnostic and Statistical Manual of Mental Disorders,
that has a 12-month prevalence of above 10% of the population (Hasin which are not anatomically based and do not focus on a biological
et al., 2018) with deep social and societal burden, rendering patients origin. Yet, much of our understanding of MDD relies on previous
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research that separately focuses on behavioral symptoms or biological
abnormalities confined to single, isolated cortical regions. Fortunately,
recent advancements in neuroimaging technologies and data-driven
approaches, particularly in the field of connectomics, have begun to
unify our understanding of the pathophysiology of MDD, suggesting the
disturbance of multiple brain networks which are necessary for appro-
priate neuro-behavioral functions (M.F. Glasser et al., 2016).

It is increasingly clear that many mental illnesses, including
depression, have aberrations in functional connectivity as a defining
feature of the disease (Helm et al., 2018; Menon, 2011; Zheng et al.,
2015). There have been numerous studies that have identified a variety
of areas that demonstrate abnormal functional connectivity in MDD in
resting-state functional magnetic resonance imaging (rsfMRI) studies,
most of which are involved in higher-order networks that are strategi-
cally organized to facilitate normal cognitive functioning (Kaiser et al.,
2016; Lai and Wu, 2014; Song et al., 2016; Wang et al., 2016; Yan et al.,
2019; Zhang et al., 2016). By contextualizing the pathophysiological
mechanisms of MDD within a brain connectome framework, we may
begin to better understand popular cognitive theories of MDD, such as
the dual processing theory of cognitive vulnerability, and the variable
outcomes related to MDD treatments (Beevers, 2005; Forgas, 2000).
However, while numerous brain networks have been implicated in the
pathophysiology of MDD, such as the default mode network (DMN), the
central executive network (CEN), and the salience network (SN), few
studies have elucidated the dynamic interaction of these neural net-
works together in depressed patients in great detail (Wang et al., 2016;
Zhou et al., 2020). Given that such data can be utilized to better un-
derstand and subsequently improve outcomes in treatments for
depression, improved information on the depression connectome re-
mains an important endeavor.

Previous research is however challenged in the reproducibility and
generalizability of their findings of network abnormalities primarily due
to the lack of anatomic specificity and the heterogenous methodology
employed (Guo et al., 2013a; Kaiser et al., 2016; Lai and Wu, 2014;
Ramasubbu et al., 2014). Recent data suggests that these limitations are
particularly important when analyzing regions such as the left dorso-
lateral prefrontal cortex (DLPFC), which is common site of study and
possible target for modulatory treatment in depression. While often
treated as a single region in numerous studies, more recent work has
demonstrated that the DLPFC can be functionally segregated into many
distinct regions, each with distinct connections to different complex
brain networks (IM.F. Glasser et al., 2016). It has also been shown that a
more granular approach using more detailed parcellation schemes may
be necessary in targeting this region for optimal clinical response
(Moreno-Ortega et al., 2020; Rosen et al., 2021). Together, such dif-
ferences have prevented our successful creation of an accurate neuro-
anatomic model of depression and therefore limits our ability to study
and treat MDD with reproducible results. We instead propose that the
application of a more detailed and standardized anatomic framework,
such as the Human Connectome Project Multimodal Parcellation
Scheme, to the analysis of previous functional connectivity studies to
produce a parcellation-based, connectomic framework would provide a
unique opportunity to clarify our current understanding of the patho-
physiology of this disease process (Zhou et al., 2020).

Here, we performed a systematic review and coordinate based-meta-
analysis of resting state fMRI (rsfMRI) neuroimaging data from medi-
cation naive, first episode MDD patients. Our goal was to identify
common anatomical and network abnormalities that may underlie the
functional aberrations present in MDD, discuss these findings in light of
previous theories on depression (Beevers, 2005; Wang et al., 2016). We
hypothesized that those living with MDD would demonstrated decreased
functional connectivity within the DMN, as has been previously
demonstrated, however wanted to investigate the changes in the in-
teractions of each network compared to controls. We performed our
analysis using the anatomically specific Human Connectome Project
(HCP) parcellation nomenclature to provide more precise results within
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a common vernacular that future clinicians and researchers alike can
refine and improve upon (Glasser, 2016; Kaiser et al., 2015). In this
context, our findings may not only clarify our current understanding of
abnormal functioning in MDD, but may also provide clinically action-
able anatomic data that clinicians can immediately utilize for novel
treatments requiring precise anatomical targeting, such as transcranial
magnetic stimulation (TMS) (Fox et al., 2012; Moreno-Ortega et al.,
2020).

2. Methods and materials
2.1. Literature search

We searched for relevant fMRI studies related to MDD in PubMed
from January 2000 up to December 2018. Only PubMed was used as it
provides free and comprehensive access to both Medline articles and
beyond, which is sufficient to encompass neuroimaging studies. We used
the following search algorithm: (“major depressive disorder” OR “major
depression” OR depression) AND (fMRI OR “resting state functional
MRI”) AND (connectivity OR “functional connectivity”). Records were
screened by two of the authors, independently, and full-text articles
were reviewed and included in our analysis if they fulfilled the following
search criteria: (1) peer-reviewed publication, (2) resting-state fMRI
study examining depression, (3) based on whole-brain, voxel-wise im-
aging, (4) including standardized coordinate-based results in the
Talairach or Montreal Neuroimaging Institute (MNI) coordinate space,
(5) including at least one healthy human control cohort, (6) subjects
were adults with first-time, medication-naive MDD. Only English lan-
guage studies were included. Records were excluded if they were per-
formed on pediatric or non-human cohorts, cohorts previously treated
for MDD, and on cohorts with psychiatric and non-psychiatric comor-
bidities. Fifteen papers met criteria for inclusion in this study (Fig. 1)
(Buchanan et al., 2014; Guo et al., 2013a, 2013b, 2015a; Guo et al.,
2015b; Kaiser et al., 2016; Lai and Wu, 2014; Peng et al., 2015; Ram-
asubbu et al., 2014; Sheline et al., 2010; Song et al., 2016; Tang et al.,
2013; Wu et al., 2016; Yang et al., 2017; Zhu et al., 2018). The details of
these studies are summarized in Table 1. Note that in instances where
duplicate cohorts from distinct studies were included, these utilized
different seed-regions, demonstrating distinct functional connectivity
patterns. Similarly, in instances where the same study has been reported
twice under both increased connectivity and decreased connectivity
compared to controls, these refer to distinct brain regions which were
highlighted.

2.2. Activation likelihood generation and identification of relevant
cortical regions

In order to generate a summary of regions demonstrating increased
or decreased functional connectivity compared to controls in the iden-
tified studies, we used BrainMap GingerALE 2.3.6 to create an activation
likelihood estimation (ALE) from the MNI coordinates reported in the 15
studies (Eickhoff et al., 2012). All Talairach coordinates identified
during literature review were converted to the MNI coordinate space
using SPM Conversion in GingerALE. We subsequently performed a
single study analysis using cluster-level interference in the MNI coor-
dinate space (cluster level of 0.05, threshold permutations of 1000,
uncorrected p-value of 0.001). The ALE coordinate data was displayed
on an MNI-normalized template brain suing the Multi-image Analysis
GUI (Mango) 4.0.1.

A code in Python was subsequently applied to identify the regions
reported by Ginger ALE in the Human Connectome Project nomencla-
ture. This code was developed by the above authors for the purpose of
incorporating results from coordinate-based meta-analyses into the
Human Connectome Project parcellation scheme, and has previously
been used in several studies with great reproducibility. In brief, a sphere,
15 mm in radius, was placed at the MNI coordinate of each ALE cluster.
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Fig. 1. PRISMA Flow diagram.

The sphere was then projected onto the HCP-MMP parcellation schema,
which is also in MNI coordinates. The degree to which any local HCP
parcellations fell within the ALE cluster was calculated as a percentage
(percentage of the parcellation that falls within the ALE cluster). Any
parcellation that had more than 10% of its volume within the ALE
cluster was included in further analyses, described below. Pre-
constructed ROIs of the HCP parcellations were also overlaid on the
ALE and compared visually to ensure true overlap.

2.3. Meta-analysis comparisons

The seed regions reported in each study were used to demonstrate
the origin of functional connectivity problems for each MNI point,
creating a pair of HCP parcellations for each coordinate used in the
meta-analysis. The MNI point of the seed regions were also converted
into the HCP parcellation schema by the technique described above.
Three studies used voxel-mirrored homotopic connectivity (VMHC)
instead of seeding and, as such, were excluded from the pairs, as we
could not demonstrate functional connectivity between two regions
with the current methodology. From here, comparisons were made be-
tween the parcellations identified by the corresponding ALE, and

parcellation pairs that were described by the studies. Only parcellation
pairs that were seen in their corresponding ALE were used in the results.
Each parcellation identified was then matched to its associated large-
scale resting-state network or subcortical structure based on previ-
ously published network templates utilizing the HCP parcellation
scheme (Briggs et al., 2018; O’Neal et al., 2021; Yeo et al., 2011).

3. Results
3.1. ALE regions and their corresponding parcellations

Our final analysis of fifteen fMRI experiments includes a total of 483
medication-naive, adult patients with first episode MDD. Based on these
patients, Fig. 2 demonstrates the ALE clusters of the decreased func-
tional connectivity (Fig. 2a) and increased functional connectivity
(Fig. 2b), compared to controls in each study. Following the overlap
analysis described earlier, 46 parcellations of the Human Connectome
Project parcellation scheme were found to overlap the fMRI data which
are listed in Table 2. Comparison overlays between the HCP cortical
parcellations and the ALE data for decreased (3A) and increased (3B)
connectivity are shown in Fig. 3. As expected, there are a diverse range
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Table 1
Studies used to generate the activation likelihood estimate (ALE) of decreased or
increased functional connectivity in Major Depressive Disorder.

Increased or Decreased  Study Number of MNI Co-ordinates
Functional Participants Used in the Meta-
Connectivity MNI Analyses (x, y, z)
Points
Decreased Guo et al., 24 -3 -15 9
2013a 9 —6 9
6 66 27
-18 72 0
-15 -15 9
-9 72 15
27 57 24
—-21 63 27
21 30 27
-27 54 24
6 18 33
Guo et al., 44 -33 36 -12
2015b -39 -57 15
33 -9 0
39 —84 18
—-45 12 -15
39 -84 18
Lai and Wu, 44 9 30 12
2014 -9 30 12
3 60 6
-3 60 6
6 -75 -39
-6 -75 -39
Ramasubbu 55 —54 18 -2
et al., 2014 —26 -30 62
-12 0 16
40 10 -6
16 —44 62
-56 -36 -4
60 -8 -10
58 8 -8
2 -86 -6
-14 -84 -20
46 -74  -32
-10 -38 -16
34 2 8
—-12 0 16
24 -82 10
-16 -94 24
48 -64 32
Yang et al., 40 42 —66 30
2017 42 —-69 54
12 42 45
Wu et al,, 19 —42 49 6
2016 39 36 21
Song et al., 28 -21 —-63 -30
2016 27 —-63  -33
21 —-27 -9
-30 -12 -15
30 18 -3
-33 3 -3
-27 -6 42
42 0 42
Peng et al., 16 -9 —-34 58
2015 -21 -31 58
6 -19 52
—-33 -61 -11
-33 —-40 -20
36 -55  -20
Buchanan 20 32 54 38
et al., 2014 33 23 35
49 25 36
Tang et al., 28 —51 42 -9
2013 —42 57 0
Guo et al., 24 —66 -30 24
2013b -36 -15 -33
51 0 -36
Increased Guo et al., 24 —48 24 21

2013a
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Table 1 (continued)

Increased or Decreased ~ Study Number of MNI Co-ordinates
Functional Participants Used in the Meta-
Connectivity MNI Analyses (x, y, z)
Points
Ramasubbu 55 38 8 66
et al., 2014 34 12 —24
—-34 10 —24
-58 -2 -34
Sheline et al., 18 1 48 18
2010 -12 37 42
7 38 36
-21 15 46
21 15 44
-35 19 32
-9 29 19
9 26 19
5 30 -2
-5 -41 38
-8 -5 15
-56 19
1 -57 38
29 -34 03
-21 -32 -10
-4 -72 32
Zhu et al., 47 51 —51 —6
2018 42 42 15
44 -33 45
27 —-54 48
Yang et al., 40 18 —-87 30
2017 3 -93 27
-9 -75 48
45 -75 39
-30 —78 39
Wu et al., 19 —52 -17 38
2016 —45 81 19
Song et al., 28 3 63 3
2016
Kaiser et al., 100 32 —4 -2
2016 22 —28 —-20
Guo et al., 44 30 21 -21
2015a 6 51 -9
-54 -9 -12
Guo et al., 24 33 -33 -3
2013b

of networks and individual cortical regions which are seen as abnormal
connected in depressed patients. Therefore, the current study also
characterized specific functional connectivity abnormalities between
individual cortical regions by matching each parcellation to their asso-
ciated brain network based on previous work (M.F. Glasser et al., 2016;
Yeo et al., 2011).

3.2. Functional connectivity patterns identified

88 network pairs were identified as having abnormal connectivity.
Of these pairs, 50 (57%) were hypoactive (“decreased™) and 38 (43%)
were hyperactive (“increased”), compared to the functional connectivity
of each pair in controls. Specific networks, organized by their included
HCP parcellations, can be visualized in Fig. 4. The DMN was the most
commonly implicated network, involved in a total of 38 (43%) of the
total pairings. As expected, the next most common cortical origin of
functional abnormality was the CEN, as well as subcortical structures,
both of which were involved in a total of 30 (34%) of the total pairings.
These abnormal network trends are listed according to their frequencies
listed in Table 3.

3.3. Decreased functional connectivity network pairs

The most commonly decreased paired networks included DMN-
Subcortical (9/50, 18%), limbic-subcortical (8/50, 16%) and intra
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Fig. 2. Activation likelihood estimation (ALE) clusters of fifteen fMRI experiments including a total of 483 medication-naive, adult patients with first episode MDD
used in our meta-analysis. The three-dimensional ALE data are displayed on a brain normalized to the MNI coordinate space and a sphere was placed at the MNI
coordinates of each ALE cluster with radius 15 mm. The ALE clusters of the decreased functional connectivity are shown in Fig. 1a and increased functional con-
nectivity shown in Fig. 1b.
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Fig. 2. (continued).

DMN-DMN (5/50, 10%) pairs. When assessing the connectivity pattern pairs, 100%), followed by the limbic system (22/28 pairs, 79%). The
per network compared to their total amount of connections, the salience DMN demonstrated the majority of its negative connectivity originating
network demonstrated the most overall decreased connectivity (9/9 from or going towards its core parcellations, mainly comprising the
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Table 2

Included Human Connectome Project parcellations. List of HCP parcellations
that had more than 10% of its volume within the activation likelihood estima-

tion (ALE) cluster and was included in further analyses.

Cluster MNI (x, HCP Percentage
ID Y, 2) Parcellation Overlap (%)
Name

Decreased 1 -23 L 3a 12.5210084
Functional —30 61
Connectivity 2 -9 -34 L5m 12.3126338
59
3 —20 62 L 9a 17.4309314
25
4 —66 L_PFop 26.4018692
-3025
5 -16 L_V3A 27.1186441
—94 24
6 —17 69 L.10d 13.3531157
0
7 -5418 L_FOP4 11.6037219
-1
8 —56 L STSvp 23.6009732
—36 —4
9 —3336 L 47m 31.1740891
-13
10 —4512 L STGa 11.544544
—-15
11 -33 LVMV3 55.489022
—61
-11
12 -33 LVVvC 17.445627
—40
-20
13 -36 L_PeEc 17.8351784
-16
-33
14 16 —44 R_5mv 10.7261825
62
15 6 -19 R_24dd 20.315928
52
16 42041 R_PEF 36.1728395
17 49 26 R_p9-46v 10.4500151
36
18 3323 R8C 12.582297
36
19 618 33 R_p32pr 12.4365482
19 618 33 R_a24pr 42.0042644
20 27 57 R 9-46d 15.7263958
24
21 39 -84 R_V3CD 39.1684902
17
22 3428 R_MI 16.0740741
22 3428 R_FOP3 20.2247191
23 33-90 R_Poll 12.4176858
24 3018 R_AVI 12.9032258
-3
25 40 10 R_Pol2 15.2747728
-6
26 40 10 R_AAIC 17.1034483
-6
26 588 -7 R_A5 12.5965737
27 21 =27 R_PreS 29.4536817
-9
28 60 —8 R_STSva 19.3604651
-10
29 51 R_TEla 13.9337049
0 -35
Increased 1 -9 -75 L_POS2 17.6174497
Functional 48
Connectivity 1 -9 -75 L_7Pm 13.8297872
48
2 -30 L_IPS1 17.2743056
-78 39
2 -30 L_IP1 21.7504333
—78 39
3 -5 —-41 L31la 14.4168962

38
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Table 2 (continued)

Cluster MNI (x, HCP Percentage
D Y, 2) Parcellation Overlap (%)
Name
3 -5 —41 L_d23ab 16.1557581
38

4 -3519 L_IFJa 12.3517787
31

5 —48 24 L_IFSp 30.2889096
21

6 —45 L PGp 24.2809735
-8119

6 —45 L_LO3 17.083947
—-8119

7 —-54 -9 L_STSda 13.7640449
—-12

7 —-54 -9 L_STSva 26.8924303
-12

8 —58 —2 L_TEla 14.0841584
-33

9 37 864 R.i6-8 17.9087875

10 27 —54 R_LIPv 24.9134948
48

10 27 —54 R_LIPd 44.7427293
48

11 44 -33 R_AIP 18.6451613
44

12 1-57 R.7m 26.984127
38

13 18 —87 R_V3A 23.1067961
30

14 9 —56 R_POS1 24.2558863
19

15 3633 R_10d 16.4568345

16 3021 R_47s 32.2043969
-20

17 3412 R_Pir 13.8343296
—24

anterior and posterior cingulate, and parietal regions. In particular, all of
the intra DMN-DMN connections identified were negative (5/5, 100%).
Similarly, most of the CENs decreased connectivity was confined to its
core parcellations, mainly within the fronto-parietal regions, but also its
lateral regions, extending into the temporal cortex. As predicted, when
observing individual parcellations, the amygdala displayed the most
negative connections based on its total connections identified (19/23,
83%). Compared to the right amygdala (6/8 pairs), the left amygdala
was negatively connected more times (13/15 pairs) to other regions
(Fig. 5A).

3.4. Increased functional connectivity network pairs

The increased paired networks most commonly included the CEN.
These pairs consisted of DMN—CEN (8/38, 21%), intra CEN—CEN (5/
38, 13%), and both CEN-Subcortical (4/38, 11%) and CEN-DAN (4/38,
11%). When assessing the connectivity patterns per network type, an
obvious pattern was identified with the CEN network which mostly
consisted of positive connections compared to its total amount of con-
nections (24/30 pairs, 60%). Within this CEN network, the majority of
increased functional connectivity was seen originating from or going
towards its cingulate-insular parcellations. When observing individual
parcellations, the most positively connected region based on its total
connections identified included area left p24 (17/17, 100%). Area p24 is
a posterior subdivision of area 24 located in the anterior cingulate gyrus
just anterosuperior to the genu of the corpus callosum (Baker et al.,
2018c; Sheline et al., 2010). Compared to the negative DMN-DMN
connections described above, all intra CEN—CEN connections were
positive (5/5, 100%) (Fig. 5B).
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Fig. 3. Comparison overlays between cortical parcellation data (red) and the activation likelihood estimation clusters (blue) from Fig. 1. The spheres are projected
onto the parcellation schema from the Human Connectome Project (HCP) which is also in MNI space. The equivalent HCP parcellation to that ALE cluster is the

parcellation with the most overlap to the sphere. Parcellations and ALE clusters for decreased connectivity are shown in Fig. 2a and increased functional connectivity
shown in Fig. 2b.
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Depression Functional Connectome

Fig. 4. MDD Functional Connectome. A simplified connectogram of abnormal functional connections in 483 medication-naive, adult patients with first episode Major
Depressive Disorder (MDD). Connections are grouped by their major brain network affiliation (outer layer) and further organized by the general location of the
included Human Connectome Project (HCP) parcellations (inner layer). Individual fibers represent individual connections between two parcellations, which are seen
as decreased (hypoactive) in red or increased (hyperactive) in green and highlighted further as individual diagrams in Fig. 4. When looing at general trends in
abnormal network pairs, one can see that these pairs can generally be increased or decreased depending on the interacting partner, such as for the default mode
network. However, all intra DMN-DMN and salience network (SN) connections were decreased, while all intra CEN—CEN and DMN—CEN connections were
increased. Parcellation names are from the Human Connectome Project (M.F. Glasser et al., 2016).

Abbreviations: CEN, central executive network; DAN, dorsal attention network; DMN, default mode network; PCC, posterior cingulate cortex; PHG, parrahippo-

campal gyrus; STG, superior temporal gyrus.

4. Discussion

In the current study, we provide a map of the abnormal functional
connectivity in medication naive patients with major depressive disor-
der (MDD). Unsurprisingly, our results implicate large multi-network
disturbances in MDD patients compared to healthy controls. In accor-
dance with the previous literature, abnormal connectivity was identified
between the core cognitive networks necessary for effective attentional
and emotional processing in MDD patients, including the default mode
network (DMN), central executive network (CEN), and salience network
(SN). Previous reports generally suggest that ‘hyperactive’ DMN

processing may underlie the cognitive vulnerability leading to depres-
sion (Beevers, 2005). However, our results suggest that this is not
entirely the case. Instead, we propose that DMN connectivity, among
other brain networks, can either be increased or decreased in MDD,
depending on the interacting network. As such, our findings suggest a
dynamic spectrum of the role of the core cognitive networks in MDD,
possibly reflective of the previously proposed functional subsystems of
certain networks (Andrews-Hanna et al., 2010; Buckner et al., 2008).
Our results add to the only other previous meta-analysis of abnormal
functional connectivity in MDD patients (Kaiser et al., 2015). However,
previous work has not clarified the connectivity profile of MDD in a level
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Table 3
List of abnormal network pairs and their relative frequency in Major Depressive
Disorder (MDD).

Decreased Pairs Increased Pairs

DMN-Subcortical DMN—CEN
Limbic-Subcortical CEN—CEN
DMN-DMN CEN-Subcortical
DMN-Limbic CEN-DAN
CEN-Limbic DMN-Subcortical
DMN-Salience DMN-Limbic

Limbic-Subcortical
CEN-Sensorimotor(Auditory)
Visual-Subcortical
Sensorimotor-Visual
Sensorimotor-Sensorimotor
Subcortical-Subcortical
CEN-Limbic

Limbic-Visual
DMN-Sensorimotor
Salience-Limbic
Salience-Visual
CEN-Sensorimotor
Subcortical-Visual
DAN-Subcortical
Salience-Salience
Salience-Subcortical
Limbic-Sensorimotor

o = NDDNDNWWWSAS DO
o= R NNDNNWWDS DO

of granularity necessary for effective clinical translation. Extending past
general descriptions of network connectivity, such as between the
CEN-DMN, we provide our results down to the level of individual par-
cellations according to the established Human Connectome Project
(HCP) parcellation scheme (Glasser, 2016). The clinical implications of
abnormal MDD functional connectivity cannot be truly understood in
complete accuracy without also discussing the precise individual par-
cellations implicated (Moreno-Ortega et al., 2020), all of which deter-
mine these general network trends. Our goal is to provide anatomically
precise data that can be included in future work as additional covariates
to study MDD pathophysiology.

4.1. Abnormal connectivity between the core cognitive networks

The majority of abnormal connectivity found in the current study
localized to the three canonical resting state networks, which can be
thought of as the “core cognitive networks”: CEN, DMN, and SN. In
healthy individuals, the DMN is generally thought to alternate its ac-
tivity with the CEN in an anticorrelated fashion, in which the DMN ac-
tivates during passive states of mind while the CEN activates during
goal-directed behavior and external attentional processing (Baker
et al., 2018c; Sandhu et al., 2021). The SN network filters and processes
specific stimuli, and then sends control signals to the DMN and CEN and
mediates network switching between them based on the stimuli or goals
presented (Menon and Uddin, 2010). However, abnormal connectivity
within and between these core cognitive networks is thought form the
underlying basis of the cognitive and affective dysfunctions in numerous
psychiatric and neurological disorders, and specifically supports several
well-known cognitive theories of MDD (Fig. 6) (Menon, 2011; Ren et al.,
2020; Sheline et al., 2010; Zheng et al., 2015).

The dual-processing theory of cognitive vulnerability to depression
suggests that incorrect control from an (1) effortful and attentional
processing stream leads to the dominance of a (2) memory-based, im-
plicit processing stream. Such an imbalance has been proposed to create
a reinforcing cycle of negative, self-referential thought in MDD patients
(Zhou et al., 2020). Increased DMN—CEN connections were the most
common findings in the current study, which together with previous
hypotheses may suggest DMN dominance over the CEN network leads to
an introspective, persisting rumination (a narrow-associative negative
thinking pattern) in MDD patients (Beevers, 2005; Buchanan et al.,
2014; Davey et al., 2012; Sheline et al., 2010; Zhou et al., 2020; Zhu
et al., 2018).

The CEN may not be able to correct such self-referential thoughts
facilitated by the DMN because of abnormal saliency mapping from the
SN. According to Menon’s triple network model, abnormal SN connec-
tivity can lead to inappropriate allocation of attentional resources
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between the CEN and DMN (Menon, 2011). In agreement with this
second unifying theory, we found that the SN only displayed decreased
connections in the current study regardless of its interacting partner,
DMN or CEN, although most were with the DMN. However, it is
important to note that other authors often include the amygdala as a
node of the SN (Menon, 2011), while the current study considered this
structure separately as part of a large limbic network. Nonetheless, as
expected, we found that the amygdala also demonstrated abnormal
connectivity to a number of similar networks (Ramasubbu et al., 2014).

4.2. Abnormal connectivity with the DMN and CEN depends on
individual partners

While our findings of the abnormal connectivity between the core
cognitive networks corroborates well with previous studies and likely
forms much of the basis of many MDD processes, it is important to note
that our results are in contrast to some of the previous literature con-
cerning their specific connectivity to other networks (Kaiser et al.,
2015). These differences are likely in part due to differences in topo-
graphical nomenclature, highlighting the importance of providing our
results in a precise anatomic parcellation scheme. Many have mostly
elucidated the depression connectome in the context of “DMN hyper-
activity” and “CEN hypoactivity,” while we instead argue that such
descriptions are erroneous without providing further granularity based
on the interacting network and on the individual cortical regions
implicated.

4.2.1. The DMN

We found that the degree of DMN functional connectivity depends on
the specific subsystems and individual parcellations involved, and
generally intra-DMN connectivity was found to be decreased. In line
with these results, it is important to note that the DMN is a highly
complex amalgamation of cortical areas underlying diverse self-
generated thoughts, highly based on the mental content its supporting.
Therefore, many authors have proposed the anatomical subsetting of the
DMN system into function-specialized systems and provides a frame-
work that may best elucidate our contrasting results (Andrews-Hanna
et al., 2010; Buckner et al., 2008).

Hannas et al. suggests that the DMN is composed of at least two
distinct subsystems which converge on a core of cortical regions
centered around the anterior medial prefrontal cortex and parts of the
posterior cingulate cortex (Andrews-Hanna et al., 2010; Buckner et al.,
2008). Indeed, our results suggest most of the increased DMN connec-
tions with the CEN originated to/from similar core DMN parcellations,
supporting the possible strong, central role of the DMN in suppressing or
draining CEN activity, leading to increased self-inflection (Menon, 2011;
Zhou et al., 2020). One possible DMN subsystem, known as the a medial
temporal subsystem, is preferentially engaged when an individual is
making decisions about their own future based on episodic and auto-
biographical memories (Andrews-Hanna et al., 2010; Buckner et al.,
2008). In agreement with this theory, many positive connections were
identified as extending between many similar temporal regions of the
DMN to deeper limbic structures associated with emotional processing.
Given that DMN activity is strongly based on the type of self-generated
mental thought it is facilitating, these connections may reflect a lack of
emotional control on the negative thoughts in MDD patients concerning
their future based on their previous negative experiences (Zhang et al.,
2016). A second subsystem of the DMN, referred to as a dorsal medial
subsystem, may exist for processes related to mentalizing, social cogni-
tion, and theory of mind. This subsystem includes regions of the dorsal
medial prefrontal cortex, the temporoparietal junction, lateral temporal
cortex, and the temporal pole. In this context, we found that many re-
gions of the left superior temporal sulcus important for mentalizing in
social interactions demonstrated decreased connections with regions of
the limbic and SN network (Andrews-Hanna et al., 2010; Ramasubbu
et al., 2014).
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Negative Pairs

Fig. 5. Individual Decreased and Increased Connections in MDD. Simplified connectograms of abnormally decreased (A) and increased (B) functional connections in
medication-naive, adult patients with first episode Major Depressive Disorder (MDD). Connections are grouped by their major brain network affiliation (outer layer)
and further organized by the general location of the included parcellations (inner layer). Individual fibers represent individual connections between two parcella-
tions, which are seen as decreased (hypoactive) in red or increased (hyperactive) in green. In figure A, all salience network connections and all intra DMN-DMN
connections between mostly core DMN regions are decreased. Connections with the amygdala are also commonly decreased. In Figure B, all intra CEN—CEN and
DMN—CEN connections were increased. Parcellation left p24 demonstrated the most increased connections, primarily extending to the core of the DMN and
subcortical structures. Area p24 is a posterior subdivision of area 24 located in the anterior cingulate gyrus just anterosuperior to the genu of the corpus callosum
(Baker et al., 2018c; Sheline et al., 2010). Parcellation names are from the Human Connectome Project (M.F. Glasser et al., 2016).

Abbreviations: CEN, central executive network; DAN, dorsal attention network; DMN, default mode network; PCC, posterior cingulate cortex; PHG, parrahippo-

campal gyrus; STG, superior temporal gyrus.

Importantly, unlike previous studies (Kaiser et al., 2015), we found
that most of the increased DMN connectivity was in the context of its
inter-network dynamics, while the DMN intra-network connectivity was
mostly decreased. However, it is important to remember that all regions
or subsystems of the DMN still integrate and function together to support
the goals of the network as a whole (Andrews-Hanna et al., 2010).
Therefore, it is unsurprising to us that we found decreased intra
DMN-DMN connections given that abnormal interactions within the
DMN itself likely precludes normal DMN functioning in depressed pa-
tients all together. For instance, we found decreased connections be-
tween a number of core regions of the DMN with area right d23ab of the

posterior cingulate cortex, a known hub in the DMN (Andrews-Hanna
et al., 2010; Buckner et al., 2008). Imbalances in intra DMN-DMN
connectivity may remove the self-regulation of its extra-network con-
nections, possibly leading to increased connectivity with other impor-
tant structures and increased negative emotional biases, such as via the
increased connections we identified between temporal DMN regions and
the amygdala and cerebellum (Anand et al., 2005; Guo et al., 2015a).

4.2.2. The CEN
Previous research generally suggests that the CEN, commonly also
referred to as the fronto-parietal network, is mostly hypoactive in MDD
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Positive Pairs

Fig. 5. (continued).

given its related known implications in top-down control of emotions
and suppression of unpleasant thoughts in healthy individuals (Gagne-
pain et al., 2017; Li et al., 2018; Miller et al., 2018). As expected, some
decreased connectivity was seen from the CEN, specifically in connec-
tions between the core and lateral/temporal parcellations of the CEN
with the limbic and sensorimotor systems (Buchanan et al., 2014; Peng
et al., 2015; Zhu et al., 2018). In depressed patients, these abnormal
connections may reflect the lack of CEN-facilitated motor activity
(Baker et al., 2018b; Vogt and Vogt, 2003), increased pain from recalling
emotional, abnormal focus on autobiographical memories (Kohler et al.,
2015), as well as decreased emotional processing (Guo et al., 2015a).
However, unlike previous connectivity-based studies, we found that
the majority of abnormal processing from the CEN was in fact reflective
of hyperactive connections even outside of its connectivity to the DMN.
Increased connectivity was seen mostly with the cingulate-insular re-
gions of the CEN, specifically associated with regions of the anterior
cingulate and medial prefrontal cortex that extended to the DMN,
subcortical structures, dorsal attention network (DAN), and also intra-
CEN regions (Guo et al., 2015b; Yang et al., 2017; Zhu et al., 2018). In
addition to the previously described hypotheses on increased CEN

connectivity with the DMN, increased CEN connectivity with subcortical
structures, such as the hippocampus, corroborate well with previous
findings of increased focus on unpleasant memories in MDD patients
(Guo et al., 2013a; Kohler et al., 2015; Song et al., 2016).
Interestingly, increased connectivity was identified specifically be-
tween CEN regions of the posterior cingulate cortex with regions in the
DAN. While there remains conflicting results on such relationships with
parietal nodes and the DAN (Fox et al., 2012; Mao et al., 2020), our
results of increased connectivity to regions along the intraparietal sulcus
within the DAN may support the increased attention depressed patients
give to negative stimuli in the external environment (Allan et al., 2019;
Kaiser et al., 2015; Mao et al., 2020; Zhu et al., 2018). For instance, the
superior parietal lobule, including parcellations such as area AIP, has
been described to have a transient role when shifting between attentive
states (Behrmann et al., 2004; Zhu et al., 2018). Furthermore, area PCV,
an anterior region of the precuneus, has been implicated in working
memory as well as the recognition of emotional faces over neutral ob-
jects (Baker et al., 2018a; Cavanna and Trimble, 2006). Therefore,
increased connectivity between the CEN and DAN via connections be-
tween these specific cortical regions (AIP-PCV) may facilitate known
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Fig. 6. Core Cognitive Networks in Depression. Abnormal connectivity within and between three canonical resting-state networks is thought form the underlying
basis of many cognitive and affective dysfunctions and forms the basis of several well-known theories of depression that our data supports in great detail. These
networks are the default mode network (DMN), central executive network (CEN), and salience network (SN) and can generally be thought of as the ‘core cognitive
networks’. Theory one: The dual-processing theory of cognitive vulnerability to depression includes a (1) associative mode, which involves implicit and effortless
processing incorporating previously learned associations, and a (2) reflective mode, which involves effortful and attentional processing and is usually engaged when
the associative mode is not being utilized (Beevers, 2005). As such, the DMN includes cortical regions known to facilitate this associative processing, while the CEN
includes cortical regions involved in reflective processing. Increased negatively biased, self-referent associative processing (DMN) may develop the cognitive
vulnerability to depression, unless corrected by reflective processing (CEN). According to our results and this theory, this network dynamic may be interrupted in
depressed individuals as we found a number of specifically increased DMN—CEN connections, possibly reflecting the increased dominance of the DMN over CEN
preventing corrective reflective processes. Theory 2: According to the triple network model, the SN is supposed to moderate the allocation of resources between the
DMN and CEN (Menon, 2011). However, aberrant attributions of importance to specific stimuli and inappropriate SN-mediated switching may further exacerbate the
abnormal DMN and CEN dynamics, leading to increased rumination and recurrent self-reflection (ie, increased DMN mediated activity)(Menon and Uddin, 2010). In
agreement, we found only decreased SN connectivity with both the CEN and DMN.

mood-congruent processing biases seen in depressed individuals, such as
with hyperactive processing of negative faces (Stuhrmann et al., 2011).

Elsewhere, the unexpected intra-CEN activity may be partly
explained by other CEN parcellations identified which are similarly
involved in attention, such as area 31a of the PCC. While “hypoactive
CEN connectivity” is generally proposed to explain the decreased
attentional control seen in depressed individuals, they may still express
increased cognitive control concerning certain negative stimuli and
therefore increased connectivity between related cortices is unsurpris-
ingly to us (Kaiser et al., 2015; Zhu et al., 2018).

4.2.3. Improved anatomic precision may clarify inter-network
abnormalities and treatment outcomes

The HCP nomenclature provides individual surface-based parcella-
tions that can localize to different networks, and these parcellations can
be targeted separately with focal treatments that each induce different
outcomes in MDD often despite their spatial proximity (Moreno-Ortega
et al., 2020; Rosen et al., 2021). For instance, the dorsolateral prefrontal
cortex (DLPFC) was subdivided by the HCP into 13 regions of interest. As
such, the DLPFC includes many regions that are each separately con-
tained within the DMN, CEN, and even SN networks (Sheline et al.,
2010). Recent evidence from a large RCT comparing rTMS with sham
treatment for depression demonstrated that the clinical response to
rTMS was related to the accuracy in targeting two closely located HCP

parcellations of the DLPFC, which each modulated different networks.
When targeting area 8Av, the DMN was modulated and most of these
patients were non-responders to rTMS stimulation. Differently, targeting
a slightly more anterolateral frontal target, area 46, modulated the CEN
and/or SN systems and this was more commonly seen in responders to
rTMS stimulation treatment (Rosen et al., 2021). Such stark differences
despite the spatial proximity between these parcellations implore the
need for reporting results in more precise nomenclature. Within our
study, we identified numerous abnormally connected regions slightly
adjacent to the preferred rTMS responder target mentioned above (area
46) in the central portion of the dorsolateral prefrontal region. These
regions each participated in a mix of decreased or increased DMN, CEN
and even SN networks. We discuss these regions specifically in the
supplementary material, but in general these findings highlight possible
reasons behind the variable outcomes seen in focal treatments for va-
riety of psychiatric illnesses, including depression (Riva-Posse et al.,
2014), that focus on vague craniometric targets and in turn may
modulate different, unexpected networks. The DLPFC, among other re-
gions, remains an incredibly complex and increasingly evolved cortical
area that is previously poorly understood in terms of its connectivity.
With future refinement, our results can begin to inform decisions on
connectomic-targeted treatments for MDD with improved precision
(Fox et al., 2012, 2013; Rosen et al., 2021; Siddiqi et al., 2020).
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4.3. Limitations

Coordinate-based meta-analyses allow the procurement of large
amounts of reported data that complex computational algorithms can
analyze to identify relevant ROIs with less bias (Eickhoff et al., 2012;
Ren et al., 2020; Sandhu et al., 2021). However, such meta-analytic
approaches are inherently limited by the quality of the reported litera-
ture. We attempted to overcome this by utilizing rigorous selection
criteria, but this may have introduced additional selection bias that can
influence the results of the current study. Furthermore, we utilized
strict, cluster-level corrected statistical inferences on our included
neuroimaging data to generate precise ALE maps to determine relevant
ROIs to depression (Eickhoff et al., 2012), but this too may have intro-
duced sampling bias given the lack negative data not reported by pre-
vious authors. Therefore, while our study presents the most
anatomically precise coordinate-based meta-analysis on the current
topic to the best of our knowledge, our findings should be interpreted
cautiously for their clinical relevance to therapeutic options that may
differ on an individual patient basis.

5. Conclusions

As expected, we found increased DMN—CEN connectivity and
decreased SN connectivity with all network pairs suggesting abnormal
interactions within the core cognitive networks responsible for appro-
priate control of attentional processing and self-generated thoughts
based on the internal and external environment. However, compared to
previous work, we found that DMN connectivity varied depending on its
interacting network partner, and generally intra-DMN connectivity was
decreased while intra-CEN connectivity was increased. Importantly,
nearly all of the network connectivity relationships depended on which
specific brain parcellation was involved within a particular network,
highlighting the need to also interpret connectomic trends based on
precise brain parcellations involved. As such, these findings provide a
cortical model of depression with anatomically precise and clinically
actionable information that may be refined in future studies.
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