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Resting-state functional connectivity changes in the default mode network (DMN) of patients with major
depressive disorder (MDD) have been linked to rumination. The DMN is divided into three subsystems: a midline
Core, a dorsal medial prefrontal cortex (DMPFC) subsystem, and a medial temporal lobe (MTL) subsystem. We
examined resting-state functional connectivity within and between DMN subsystems in MDD and its association
with rumination. First, we conducted a meta-analysis on a large multi-site dataset of 618 MDD and 683 controls
to quantify the differences in DMN subsystem functional connectivity between MDD and controls. Second, we
tested the association of DMN subsystem functional connectivity and rumination in a sample of 115 unmedicated
participants with symptoms of anxiety/depression and 48 controls.

In our meta-analysis, only functional connectivity in the DMN Core was significantly reduced in MDD
compared to controls (g = —0.246, CI = [—0.417; —0.074], pFDR = 0.048). Functional connectivity in the
DMPFC subsystem and between the Core and DMPFC subsystems was slightly reduced but not significantly (g =
~0.162, CI = [—0.310; —0.013], pFDR = 0.096; g = —0.249, CI = [—0.464; —0.034], pFDR = 0.084). Results
were heterogeneous across sites for connectivity in the Core and between Core and DMPFC (I% = 0.348 and I? =
0.576 respectively). Prediction intervals consistently encompassed 0. In the independent sample we collected,
functional connectivity within the DMN Core, DMPFC and between Core and DMPFC was not reduced in MDD
compared to controls (all pFDR > 0.05). Trait rumination did not predict connectivity within and between DMN
subsystems (all pFDR > 0.05).

We conclude that MDD as a diagnostic category shows slightly reduced functional connectivity within the
DMN Core, independent of illness duration, treatment, symptoms and trait rumination. However, this effect is
small, highly variable and heterogeneous across samples, so that we could only detect it at the meta-analytic
level, with a sample size of several hundreds. Our results indicate that reduced Core DMN connectivity has
significant limitations as a potential clinical or prognostic marker for the diagnosis of MDD and might be more
relevant to consider as a characteristic distinguishing a subgroup of individuals within this diagnostic category.

1. Introduction

Major Depressive Disorder (MDD) is among the most prevalent
mental diseases and it is the leading cause of disability worldwide
(Friedrich, 2017). To make a dent in this burden of disease we urgently
need to develop quantitative ways of identifying patients with MDD and
to define different types of MDD. In doing so, we would have a means to
more effectively tailor treatments and monitor their effectiveness.

Functional magnetic resonance imaging (fMRI) provides a non-
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invasive approach to measuring brain activity under internal and
external stimulations (Ogawa and Lee, 1990). Resting-state fMRI, in
which data is collected in the absence of a task, has been used to measure
spontaneous brain activity and has robustly identified large-scale brain
networks of functionally connected regions (Thomas Yeo et al., 2011).
Previous fMRI studies have reported resting-state functional connec-
tivity changes in the default, salience and attention networks and in
networks involved in cognitive control and emotional functions in pa-
tients with MDD (for review: (Brakowski et al., 2017; Williams, 2016;
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Mulders et al., 2015), for meta-analysis: (Iwabuchi et al., 2015; Tang
et al.,, 2018; Kaiser et al., 2015)). In particular, many studies have
focused on the default mode network (DMN) (Williams, 2016; Zhou
et al., 2020; Guo et al., 2014; Hamilton et al., 2015). The DMN is
commonly defined by intrinsic functional connectivity between the
posterior cingulate cortex, medial prefrontal cortex, superior parietal
lobules and portions of the temporal and dorsomedial prefrontal cortex
(Thomas Yeo et al., 2011; Greicius et al., 2007). A number of studies
have reported hyper-connectivity between these regions (for review:
(Williams, 2016; Mulders et al., 2015)), including a large meta-analysis
comparing 556 medicated and unmedicated MDD with 518 controls
(Kaiser et al., 2015). However, hypo-connectivity of the DMN has also
been observed in the past (for review: (Williams, 2016)) and, most
recently, in outcomes from the REST-meta-MDD Consortium. This
Consortium undertook a multi-center study of 1300 treated and un-
treated MDD patients and 1128 healthy controls, and observed that
DMN hypo-connectivity was characteristic of recurrent MDD in partic-
ular (Yan et al., 2019). This suggests that the previous findings in the
literature may have been due to small and heterogeneous samples. As
the dataset collected by the REST-meta-MDD Consortium is shared
openly, it offers a chance to investigate functional alterations of the
DMN in MDD more closely.

As advances are made in the precision with which resting intrinsic
connectivity can be quantified, studies have moved from considering the
DMN as a unitary network to revealing divergent functions of regions
within the DMN. From these accumulating insights, the DMN may be
conceptualized to encompass a broader network of at least three sub-
systems (Andrews-Hanna et al., 2010): 1) a midline Core, consisting of
posterior cingulate cortex and anterior medial prefrontal cortex, which
is hypothesized to integrate the function of the other subsystems and is
involved in the introspection about one’s own mental states (Andrews-
Hanna et al., 2010); 2) a dorsal medial prefrontal cortex (DMPFC)
subsystem, which includes the DMPFC, temporoparietal junction, lateral
temporal cortex, and temporal pole, whose function is associated with
mentalizing and metacognition (Ochsner et al., 2004); and 3) a medial
temporal lobe (MTL) subsystem, consisting of ventral medial prefrontal
cortex, posterior inferior parietal lobule, retrosplenial cortex, para-
hippocampal cortex and hippocampal formation, which increases its
activity when participants make episodic decisions about their future
(Andrews-Hanna et al., 2010). This expanded view of the DMN has not
yet been used to identify whether MDD may be more precisely charac-
terized by dysfunctions in these finer-grained subsystems. From the in-
verse perspective, it is also unknown whether the clinical symptoms
heterogeneity of MDD may be explained by relationships with distinct
dysfunctions of the DMN subsystems. One proposed mechanism by
which specific MDD symptoms may arise from specific forms of DMN
dysfunction is in relation to the construct of rumination (for review:
(Hamilton et al., 2015), for meta-analysis: (Zhou et al., 2020; Mor and
Winquist, 2002)). Rumination is the process of repeatedly focusing on
symptoms of distress and the possible causes and consequences of these
symptoms (Nolen-Hoeksema et al., 2008). It can enhance negative
thinking, hamper problem-solving ability and is strongly associated with
the psychopathology of depression (Mor and Winquist, 2002; Nolen-
Hoeksema et al., 2008; Treynor et al., 2003). A recent meta-analysis
consisting of 14 fMRI studies linking DMN subsystems to rumination
highlighted prominent roles of the DMN Core and DMPFC subsystems
(Zhou et al., 2020). Similarly, a very recent study induced a rumination
state in healthy subjects and found that it was associated with an
increased functional connectivity between the Core and MTL subsystem
and a decreased functional connectivity between the Core and DMPFC
subsystem. Interestingly, in this study, self-reports of subjects’ rumina-
tion in everyday life (trait rumination) were found to be negatively
correlated specifically with the Core-DMPFC functional connectivity
(Chen et al, 2020). These findings indicate DMN connectivity
dysfunction may give rise to specific aspects of rumination through at
least three different subsystems and that such dysfunction in these
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systems might relate to the expression of ruminative symptoms over a
time span of days.

In the present study, we aimed to examine resting-state functional
connectivity within and between the DMN Core, DMPFC and MTL
subsystems in MDD and its association with rumination. To this end, two
primary analyses were implemented. First, we conducted a meta-
analysis on the very large multi-site REST-meta-MDD dataset. This
allowed us to robustly quantify the differences in DMN subsystem
functional connectivity between MDD and healthy controls as well as to
derive effect sizes, heterogeneity and prediction intervals of these dif-
ferences to inform future studies. Second, we tested the association of
DMN subsystem functional connectivity and rumination using a sample
of participants with symptoms of depression and anxiety derived from
the Human Connectome Project for Disordered Emotional States (HCP-
DES (Tozzi et al., 2020)). We hypothesized that resting-state functional
connectivity within and between DMN subsystems would be lower in
MDD and that it would correlate negatively with rumination levels.

2. Methods

Code to reproduce all the analyses (except preprocessing) is available
at: https://github.com/leotozzi88/dmn_subsystems.

2.1. Meta-analysis of default mode network subsystems connectivity in
depression

2.1.1. Data extraction

We downloaded the Meta-MDD dataset (www.rfmri.org/REST
-meta-MDD) and selected participants that were not excluded after the
extensive quality checks documented in (Yan et al., 2019). This partic-
ipant list was obtained from the Github repository of the Author of (Yan
etal., 2019) (https://github.com/Chaogan-Yan/PaperScripts/tree/mast
er/Yan_2019 PNAS/StatsSubInfo). For our analysis, we used resting
state BOLD timeseries extracted from Power atlas (Power et al., 2011)
regions after these preprocessing steps: slice timing correction,
realignment, nuisance covariates removed (six motion parameters, ce-
rebrospinal fluid and white matter signals), spatial normalization,
bandpass filtering (0.01-0.1 Hz) ((Yan, 2019) for details). Then, we
extracted the timeseries of the 58 regions labeled as DMN based on the
labels provided by the Author of (Power et al., 2011) at https://www.
jonathanpower.net/2011-neuron-bigbrain.html. For each of the DMN
regions, we obtained center of mass coordinates in MNI space. Then, we
used the 17 networks version of the Yeo parcellation to assign each re-
gion to a DMN subsystem based on the location of the center of mass
(Thomas Yeo et al., 2011; Chen et al., 2020; Andrews-Hanna, 2011).
This returned the following number of regions for each subsystem: None:
9, Core: 21, DMPFC: 21, MTL: 7 (Fig. S1). To account for motion, we
censored timepoints with > 0.25 mm framewise displacement from the
timeseries and excluded subjects with > 25% of timepoints censored
(Power et al., 2014). After all these steps, a total of 618 healthy controls
and 683 depressed participants were retained (see Table 1 for partici-
pants’ characteristics divided by site). As a measure of functional con-
nectivity, we used the Pearson correlation coefficient between the
timeseries, followed by the Fisher z-transformation. Finally, we
computed the average functional connectivity within each subsystem
and between each pair of subsystems, for a total of 6 subnetwork con-
nectivity measures (within Core, within DMPFC, within MTL, Core-
DMPFC, Core-MTL, and DMPFC-MTL) per participant.

2.1.2. Meta-analysis procedure

We regressed out the effects of age and sex on functional connectivity
for each subnetwork connectivity measure and site separately. Using the
package “meta” in R version 3.6.3 for Mac, we ran four meta-analyses for
each subnetwork connectivity measure to pool data across sites,
excluding sites with less than 20 individuals per group. We tested the
following effects: mean connectivity of MDD < Controls (N = 595 and
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Table 1
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Summary information for meta-analysis each site. We show demographic and clinical variables of interest as well as default mode network subsystem functional
connectivity. For each variable, subjects with missing information were not counted and not included in the summary measures calculations. HC = healthy controls,
MDD = major depressive disorder, SD = standard deviation, DMN = default mode network, DMPFC = dorsomedial prefrontal cortex, FC = functional connectivity, n.
a. = no data available, HAMA = Hamilton anxiety scale, HAMD = Hamilton depression scale.

Site
S01 S02 S07 S08 S09 S10 S11 S13 S14 S15 S17 S20 S21 S22 S23

N 100 25 60 84 920 51 36 35 87 61 71 409 120 32 40

N males 43 5 21 32 48 26 16 13 32 24 21 138 52 16 16

N females 57 20 39 52 42 25 20 22 55 37 50 271 68 16 24

N HC 48 11 31 47 46 20 17 16 31 35 37 188 55 18 18

N MDD 52 14 29 37 44 31 19 19 56 26 34 221 65 14 22

N recurrent n.a. 8 9 2 24 n.a. 17 n.a. n.a. n.a. n.a. 42 62 n.a. 8

N first onset n.a. 6 20 34 20 30 2 n.a. 56 n.a. n.a. 163 3 n.a. 14

N untreated n.a. 1 7 31 43 n.a. 5 18 n.a. n.a. n.a. 101 n.a. 2 15

N treated n.a. 12 22 6 1 n.a. 14 1 56 n.a. n.a. 97 n.a. 12 7

Age mean 30.690 44.080  39.033 31.310 28.256 31.961 30.583 33.000 29.690 42.574 21.197  37.758 35.208  29.156 28.950

Age SD 7.764 12.007 11.763 10.264  8.190 9.071 9.361 9.299 6.102 14.303 2.556 13.507 12.449  9.870 9.682

HAMD median 24 22 22 24 n.a. 20 21 24 21 26 19 21 14 22 20

HAMA median n.a. n.a. 22 18 12 16 n.a. n.a. n.a. n.a. 15 22 13 8 n.a.

DMN Core FC 0.399 0.348 0.341 0.388 0.348 0.345 0.343 0.303 0.318 0.311 0.387 0.376 0.373 0.309 0.308
mean

DMN Core FC 0.109 0.091 0.100 0.107 0.106 0.090 0.123 0.104 0.085 0.085 0.090 0.097 0.087 0.091 0.073
SD

DMN DMPFC 0.271 0.274 0.237 0.272 0.287 0.224 0.283 0.245 0.191 0.190 0.268 0.249 0.218 0.199 0.252
FC mean

DMN DMPFC 0.083 0.079 0.081 0.080 0.100 0.074 0.077 0.096 0.067 0.073 0.077 0.080 0.083 0.076 0.077
FC SD

DMN MTL FC 0.454 0.366 0.379 0.461 0.400 0.350 0.499 0.400 0.291 0.323 0.494 0.440 0.409 0.320 0.333
mean

DMN MTL FC 0.151 0.098 0.131 0.150 0.116 0.123 0.123 0.142 0.105 0.105 0.137 0.134 0.115 0.127 0.122
SD

DMN Core- 0.239 0.236 0.212 0.242 0.240 0.217 0.239 0.205 0.181 0.187 0.233 0.237 0.222 0.181 0.200
DMPEFC FC
mean

DMN Core- 0.085 0.067 0.070 0.083 0.092 0.070 0.098 0.087 0.067 0.072 0.072 0.074 0.076 0.068 0.066
DMPEFC FC
SD

DMN DMPEFC- 0.145 0.098 0.115 0.176 0.133 0.125 0.198 0.121 0.068 0.095 0.170 0.139 0.121 0.086 0.099
MTL FC
mean

DMN DMPEFC- 0.098 0.097 0.075 0.095 0.086 0.067 0.089 0.091 0.055 0.065 0.093 0.075 0.073 0.064 0.053
MTL FC SD

DMN MTL- 0.280 0.200 0.227 0.303 0.248 0.239 0.305 0.218 0.173 0.211 0.309 0.254 0.256 0.205 0.190
Core FC
mean

DMN MTL- 0.114 0.090 0.090 0.110 0.084 0.076 0.113 0.100 0.062 0.086 0.097 0.089 0.084 0.078 0.058
Core FC SD

538), Spearman correlations between connectivity and depression
severity across all subjects (total Hamilton depression scale; HAMD, N =
1083) (Hamilton et al., 1986) and anxiety (Hamilton anxiety scale;
HAMA, N = 885) (Hamilton, 1959). Meta-analyses were random-effects
models using the Hartung-Knapp method and t estimation using REML
(Veroniki et al., 2016). Thus, we obtained estimates of the effect size of
our effects across sites (Hedges g), prediction intervals (effects that can
be expected in future settings), square standard deviation of between-
study effects (rz), inconsistency between study results (1%) and hetero-
geneity of results (Cochrane Q) (Schwarzer et al., 2020). We corrected p-
values for multiple comparisons using false discovery rate (FDR) across
DMN subsystems connectivity measures.

2.1.3. Effects of recurrence

In (Yan et al., 2019), the Authors reported that DMN functional
connectivity differences between MDD and controls were driven by
recurrent patients. To test whether this was true of DMN subsystem
connectivity, we tested whether the 3 functional connectivity measures
that we found to be decreased in MDD with a confidence interval not
encompassing 0 in the meta-analysis (Core, DMPFC and Core-DMPFC)
were driven by recurrent patients. Only one site of the Meta-MDD
dataset had more than 20 patients with information about recurrence
(S20). Therefore, we conducted t-tests on patients within this site

comparing recurrent (N = 42) and first episode patients (N = 163).

2.1.4. Effects of confounds

To assess the impact of motion on our results, we conducted a meta-
analysis on the correlation between the number of volumes containing
critical motion and our functional connectivity measures as described
above (N = 1301). Also, we compared the number of censored time-
points between MDD and controls using a Mann-Whitney U test.

We also conducted a meta-analysis on the correlation between age
and our functional connectivity measures (N = 1301) and a meta-
analysis comparing males and females (N = 503 and 798 respectively)
for our functional connectivity measures as described above.

Only one site of the Meta-MDD dataset had more than 20 patients on
medication and 20 patients not on medication (S20). Therefore, we
conducted t-tests on patients within this site comparing medicated (N =
97) and unmedicated patients (N = 101).

2.2. Default mode network subsystems connectivity and rumination

2.2.1. Study design

The second part of the study was conducted on a sample of partici-
pants from the Human Connectome Project for Disordered Emotional
States (HCP-DES). Details about the study design and measures of HCP-
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DES are available at (Tozzi et al., 2020). Here only the measures relevant
to the current analysis will be presented.

2.2.2. Participants

Our sample consisted of 76 healthy controls (HC) and 133 unmedi-
cated clinical participants with symptoms of depression and/or anxiety
between 18 and 35 years of age. Participants were recruited from the
surrounding community using flyers and social media advertisements (i.
e., Facebook and Instagram Ads). All participants responded to an online
screening survey reviewed by a study coordinator to determine eligi-
bility. The survey included demographics, any current or past pharma-
cotherapy or psychotherapy, medical history, MRI scanner
contraindications, anxiety and depression symptoms, and alcohol or
substance use. To assess eligibility, levels of clinical symptoms were
assessed by an in-house screening survey composed of five categories
(containing four items in each) selected to match each of the four con-
structs identified using a factor analysis of data from (Grisanzio et al.,
2018): anhedonia, anxious arousal, concentration, rumination, and
tension. In order to be classified as a clinical participant, respondents
had to report that at least one symptom related statement “often” or
“almost always/always” applied to them in the last two weeks and
indicate that the symptoms caused significant distress and/or impair-
ment in everyday life. In order to be classified as a healthy control, re-
spondents had to report that symptom-related statements applied to
them only “occasionally” or “rarely/never” in the last two weeks and
indicate that any symptoms they may have experienced did not cause
significant distress or impairment. Further, clinical and healthy control
participants were allowed to participate only if they were not taking any
psychotropic medications for a mental health problem (i.e., SSRIs,
benzodiazepines, etc.) or receiving therapy by a trained mental health
professional (social worker, clinical psychologist, psychiatrist, etc.) and
if they had no contraindications for MRI scanning. Eligible participants
then proceeded to an on-site visit during which questionnaires, behav-
ioral testing and MRI imaging were conducted.

2.2.3. Assessments

We administered the Mini-International Neuropsychiatric Interview
(MINI-Plus) to assess mood and anxiety disorders based on Diagnostic
and Statistical Manual of Mental Disorders (DSM-5) criteria. According
to their DSM diagnoses, clinical participants were divided into 3 groups:
diagnosis of current major depressive disorder (MDD), diagnosis of any
current anxiety disorder (generalized anxiety, social anxiety, panic
disorder) and diagnosis of both current MDD and any anxiety disorder.

To quantify rumination, we administered the Ruminative Responses
Scale (RRS), a 22-item self-report questionnaire. For our analyses, we
used the total score of the questionnaire and its three subscales:
brooding, depression related and reflection (Parola et al., 2017).

2.2.4. Neuroimaging acquisition details

Images were acquired at the Stanford Center for Cognitive and
Neurobiological Imaging (CNI) on a GE Discovery MR750 3 T scanner
using a Nova Medical 32-channel head coil. Two spin-echo fieldmaps
were acquired at the beginning of each session, one with a posterior-
anterior phase encoding direction, the other with an anterior-posterior
direction. All fMRI scans were conducted using a blipped-CAIPI simul-
taneous multislice “multiband” acquisition (Setsompop et al., 2012).

1. Spin-echo fieldmaps: TE = 55.5 ms, TR = 6 s, FA = 90°, acquisition
time = 18 s, field of view = 220.8 x 220.8 mm, 3D matrix size = 92
x 92 x 60, slice orientation = axial, angulation to anterior
commissure - posterior commissure (AC-PC) line, phase encoding =
AP and PA, receiver bandwidth = 250 kHz, readout duration =
49.14 ms, echo spacing = 0.54 ms, voxel size = 2.4 mm isotropic.

2. Single-band calibration: TE = 30 ms, TR = 4.4 s, FA = 90°, acqui-
sition time = 13 s, field of view = 220.8 x 220.8 mm, 3D matrix size
=92 x 92 x 60, slice orientation = axial, angulation to AC-PC line,
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phase encoding = PA, receiver bandwidth = 250 kHz, readout
duration = 49.14 ms, echo spacing = 0.54 ms, number of volumes =
4, voxel size = 2.4 mm isotropic.

3. Multiband fMRI: TE = 30 ms, TR = 0.71 s, FA = 54°, acquisition time
= 5: 12 (rest), field of view = 220.8 x 220.8 mm, 3D matrix size =
92 x 92 x 60, slice orientation = axial, angulation to AC-PC line,
phase encoding = PA, receiver bandwidth = 250 kHz, readout
duration = 49.14 ms, echo spacing = 0.54 ms, number of volumes
for rest-state run = 440, multiband factor = 6, calibration volumes =
2, voxel size = 2.4 mm isotropic.

4. Tl-weighted: TE = 3.548 ms, MPRAGE TR = 2.84 s, FA = 8°,
acquisition time = 8: 33, field of view = 256 x 256 mm, 3D matrix
size = 320 x 320 x 230, slice orientation = sagittal, angulation to
AC-PC line, receiver bandwidth = 31.25 kHz, fat suppression = no,
motion correction = PROMO, voxel size = 0.8 mm isotropic.

5. T2-weighted: TE = 74.4 ms, TR = 2.5 s, FA = 90°, acquisition time =
5: 42, field of view = 240 x 240 mm, 3D matrix size = 320 x 320 x
216, slice orientation = sagittal, angulation to AC-PC line, receiver
bandwidth = 125 kHz, fat suppression = no, motion correction =
PROMO, voxel size = 0.8 mm isotropic.

2.2.5. Resting state paradigm

Participants were instructed to stare at a white cross on a black
background. During this time, their eyes were monitored using an eye-
tracker by the study coordinator to ensure that the participant was not
asleep. Four separate 5:12 runs of resting state data were acquired.

2.2.6. Preprocessing

Raw image files were converted to BIDS format and preprocessed
using fMRIPrep (Esteban et al., 2019). See Supplemental Material for the
fMRIPrep boilerplate containing the details of the preprocessing stream.
Briefly, brain surfaces were reconstructed using recon-all (FreeSurfer
6.0.1) (Dale et al., 1999). Susceptibility distortion for fMRI data were
corrected using the two echo-planar imaging (EPI) references with
opposing phase-encoding directions (Cox and Hyde, 1997). Surface data
was registered to fsaverage space and subcortical data to MNI space.
These were then merged to grayordinate CIFTI files. Automated labeling
of noise components following ICA decomposition was performed using
AROMA (Pruim et al., 2015). As final output, we down-sampled the
preprocessed grey-ordinate functional CIFTI files to 32 k FSLR space
(Glasser et al., 2013). Then, we applied a 4 mm full-width half-
maximum smoothing constrained to the grey matter boundaries.

2.2.7. Functional connectivity

The confound regressors identified by AROMA were regressed from
the timeseries of all grayordinates of the resting state fMRI CIFTIs. Then,
we parcellated the resulting CIFTIs by averaging timeseries within the
parcels of the Schaefer 300 parcellation, which provides labels corre-
sponding to the Yeo 17 networks parcellation (Thomas Yeo et al., 2011;
Schaefer et al., 2018). The number of parcels corresponding to the DMN
subsystems were: core: 23, DMPFC: 58, MTL: 25 (Fig. S2). Mean
timeseries from each parcel were extracted and high-pass filtered at
0.008 Hz. Then, we censored timepoints that had a framewise
displacement > 0.25 mm (Power et al., 2014). If more than 25% of the
timeseries was censored, the subject was excluded. Finally, we only
considered participants with all the clinical variables of interest. This led
to a final sample size of 163 participants (Table 2). The four runs of
resting state were concatenated. Then, we computed Pearson correla-
tions between the timeseries and applied a Fisher-z transformation.
Finally, we computed the average functional connectivity within each
subsystem and across each pair of subsystems, for a total of 6 subnet-
work connectivity measures (within Core, within DMPFC, within MTL,
Core-DMPFC, Core-MTL, and DMPFC-MTL) per participant. To assess if
concatenating resting state runs before correlating timeseries was
impacting our results, we also generated an alternative set of connec-
tivity matrices by computing Pearson correlations for each run
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Table 2

HCP-DES sample information. We show summary demographic and clinical
variables of interest for the control and clinical group. SD = standard deviation,
MDD = major depressive disorder, AnxD = anxiety disorder, DASS = Depression
Anxiety Stress Scales, RRS = ruminative response scale.

HC Clinical
N total 48 115
N current MDD only 0 11
N current AnxD only 0 50
N current AnxD + MDD 0 30
N no current AnxD + no current MDD 48 24
Age (mean) 27.441 25.585
Age (SD) 4.971 4.902
DASS depression (median) 1 14
DASS anxiety (median) 1 8
DASS stress (median) 1 16
RRS total (median) 28 59
RRS brooding (median) 6 13
RRS depression related 14 33
RRS reflection (median) 6 13

separately, applying a Fisher-z transformation and averaging the
resulting 4 matrices for each participant. We repeated all our analyses
using this second set of matrices.

2.2.8. Confirmation of meta-analysis results

First, we attempted to confirm the results of the meta-analysis in the
HCP-DES sample. We chose the 3 functional connectivity measures that
we found to be decreased in MDD with a confidence interval not
encompassing 0: Core, DMPFC and Core-DMPFC. Before conducting
group comparisons, we regressed age and sex from all connectivity
measures.

Since our sample was comprised of several participants with co-
morbid MDD and anxiety disorders, we used two strategies to divide
them into two groups. First, we compared functional connectivity
measures between participants with a diagnosis of current MDD or any
anxiety disorder (N = 30) versus people without current MDD or any
anxiety disorder (N = 133). Then, we compared the same measures
between participants with (N = 122) and without current MDD (N =
41). We used one sided t-tests for these comparisons, correcting p-values
using FDR.

2.2.9. Relationship with rumination

To test whether rumination would predict functional connectivity
measures, we ran 24 linear regressions across all HCP-DES participants.
Each regression had as predictors age, sex, a group factor (two possi-
bilities as described above: current MDD/anxiety disorder versus neither
MDD nor anxiety disorder or current MDD versus no current MDD), a
rumination measure (RRS total, brooding, reflection and depression
related) and the interaction between group and rumination measure.
The dependent variables were the Core, DMPFC and Core-DMPFC con-
nectivity respectively. We tested the significance of all the main effects
and of the interaction in these linear regressions using t-tests and cor-
rected the respective p-values using FDR.

We also tested whether we could identify subsystems of the DMN
correlating with rumination that did not overlap with the ones we
defined previously. To do so, we ran exploratory analyses using
network-based statistics (NBS) (Zalesky et al., 2010). Network-based
statistics is an approach that allows to identify correlations in any set
of connected structures forming a graph of nodes and edges. In our case,
we wanted to study the correlation of our rumination measures (RRS
total, brooding, reflection and depression related) with the functional
connectivity (edge values) between all regions (nodes) within the DMN.
This is implemented in the following 6 steps. 1) The NBS procedure fits a
general linear model predicting each edge value across all subjects with
the following predictors: age, sex and total RRS. 2) A t-test for the effect
of the RRS scale (beta value) is computed for each edge independently.
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3) The test statistic is thresholded at each edge to form a set of supra-
threshold edges. We tested all t-thresholds between 1 and 5 with a
step of 0.2. 4) For each set, the sum of absolute t values is computed
(“intensity”). 5) Steps 1-4 are repeated 10,000 times, each time
randomly permuting the values of the predictors and storing the size and
intensity of the largest component identified for each permutation. This
yields an empirical estimate of the null distribution of maximal
component intensity. 6) A corrected p-value for the effect of RRS is then
calculated using this null distribution. The significance threshold was p
< 0.05, FDR corrected for multiple comparisons across the number of
components identified.

2.3. Ethical approval

For the Meta-MDD dataset, de-identified and anonymized data were
contributed from studies approved by local Institutional Review Boards.
All study participants provided written informed consent at their local
institution.

The Institutional Review Boards of Stanford University has approved
the HCP-DES protocol (protocol #41837). A study coordinator thor-
oughly explained the protocol to participants and answered any ques-
tions before they provided informed consent to begin the study. The
study was conducted according to the principles of the Declaration of
Helsinki (2008).

3. Results

3.1. Meta-analysis of default mode network subsystems connectivity in
depression

All meta-analysis results are shown in Table 3.

3.1.1. Effects of diagnosis

Functional connectivity in the DMN Core was reduced in MDD
compared to controls (g = -0.246, CI = [-0.417; —0.074], pFDR = 0.048,
Fig. 1). Functional connectivity in the DMN DMPFC subsystem was also
reduced, albeit not significantly (g = —0.162, CI = [-0.310; —0.013],
pFDR = 0.096, Fig. 2). The same was true for functional connectivity
between the Core and DMPFC subsystems (g = —0.249, CI = [-0.464;
—0.034], pFDR = 0.084, Fig. 3). Results were heterogeneous across sites
for DMN Core connectivity and connectivity between Core and DMPFC
(12 = 0.348 and I? = 0.576 respectively).

These functional connectivity measures were especially lower in
MDD compared to controls at one site (S09). Repeating the meta-
analysis after excluding this site returned slightly weaker but similar
results for the connectivity of the DMN Core (g = —0.155, CI = [—0.270;
—0.041], pFDR = 0.042). After removing this site, confidence intervals
encompassed 0 for the DMPFC (g = —0.123, CI = [-0.248; 0.001],
pFDR = 0.078) and for the Core-DMPFC connectivity (g = —0.161, CI =
[-0.322; 0], pFDR = 0.130).

Effects for correlations of symptom severity and illness duration with
functional connectivity were non-significant and always encompassed 0.
Also, prediction intervals encompassed O for all effects.

3.1.2. Effects of recurrence

There was no significant difference between recurrent and first
episode MDD in Core functional connectivity (t = —1.293, df = 62.131,
p = 0.201), DMPFC functional connectivity (t = —1.201, df = 65.424, p
= 0.234) and Core-DMPFC functional connectivity (t = -1.644, df =
60.852, p = 0.105).

3.1.3. Effects of confounds

Motion (number of removed frames) was significantly correlated to
functional connectivity within the DMPFC and MTL subsystems (g =
0.103, CI = [0.045; 0.162], pFDR = 0.016 and g = 0.098, CI =
[0.040-0.157], pFDR = 0.018) (Table S1). It was also significantly
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Table 3
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Meta-analysis results. For each effect of interest, we show effect size, confidence and prediction intervals, as well as measures of variability. MDD = major depressive
disorder, HC = healthy controls, HAMD = Hamilton depression scale, HAMA = Hamilton anxiety scale, DMN = default mode network, DMPFC = dorsomedial

prefrontal cortex, MTL = middle temporal lobe, FDR = false discovery rate.

Effect Subsystem MDD HC Effect Lower Upper Effect Effect Lower Upper 72 q qp q 2
(@ CI CI p PFDR PI PI pFDR
Mean MDD < Core 595 538 —0.246 —0.417 —0.074 0.010 0.048 —0.641 0.150 0.024 13.809 0.129 0.207 0.348
HC
DMPFC 595 538 —0.162 —0.310 —0.013 0.036 0.096 —0.380 0.056 0.005 9.933 0.356 0.453 0.094
MTL 595 538 —0.098 —0.227 0.032 0.122 0.244 —0.312 0.117 0.005 7.920 0.542 0.602 0.000
Core- 595 538 —0.249 —0.464 —0.034 0.028 0.084 —0.814 0.316 0.051 21.214 0.012 0.035 0.576
DMPFC
Core-MTL 595 538 —0.135 —0.284 0.014 0.070 0.153 —0.368 0.098 0.006 9.899 0.359 0.453 0.091
DMPFC- 595 538 —0.169 —0.352 0.015 0.067 0.153 —0.584 0.247 0.026 14.257 0.113 0.195 0.369
MTL
Correlation with Core 1083 0.035 —0.157 0.227 0.689 0.861 —0.521 0.592 0.051 36.986 0.000 0.001 0.757
HAMD
DMPEFC 1083 —0.013 —0.100 0.075 0.753 0.861 —0.190 0.165 0.004 12.165 0.204 0.306 0.260
MTL 1083 —0.001 —0.128 0.126 0.987 0.987 —0.325 0.323 0.017 21.792 0.010 0.035 0.587
Core- 1083 0.031 —0.116 0.179 0.641 0.855 —0.375 0.437 0.027 27.453 0.001 0.009 0.672
DMPFC
Core-MTL 1083 —0.029 —0.155 0.097 0.611 0.855 —0.361 0.302 0.018 21.478 0.011 0.035 0.581
DMPFC- 1083 —0.034 —0.155 0.087 0.541 0.837 —0.319 0.251 0.012 18.296 0.032 0.085 0.508
MTL
Correlation with Core 885 0.039 —0.099 0.177 0.516 0.837 —0.243 0.321 0.009 11.308 0.079 0.146 0.469
HAMA
DMPFC 885 0.042 —0.052 0.135 0.316 0.583 —0.090 0.174 0.001 6.789 0.341 0.453 0.116
MTL 885 0.015 —0.137 0.166 0.822 0.878 —0.307 0.336 0.012 12.660 0.049 0.117 0.526
Core- 885 0.045 —0.134 0.224 0.558 0.837 —0.397 0.488 0.024 18.224 0.006 0.029 0.671
DMPFC
Core-MTL 885 0.017 —0.178 0.212 0.841 0.878 —0.454 0.487 0.027 18.057 0.006 0.029 0.668
DMPFC- 885 0.030 —0.181 0.241 0.743 0.861 —0.512 0.572 0.037 22.924 0.001 0.009 0.738
MTL
Correlation with Core 1102 —0.007 —0.148 0.135 0.918 0.918 —0.388 0.374 0.023 25.833 0.002 0.918 0.652
illness
duration
DMPFC 1102 0.112 0.003 0.221 0.045 0.136 -0.172  0.396 0.013 21.139 0.012 0.136 0.574
MTL 1102 0.050 —0.059 0.158 0.326 0.490 —0.208 0.307 0.010 17.200 0.046 0.490 0.477
Core- 1102 0.050 —0.055 0.155 0.311 0.583 —0.222 0.322 0.012 19.186 0.024 0.024 0.531
DMPFC
Core-MTL 1102 0.052 —0.077 0.180 0.388 0.583 —0.290 0.393 0.019 26.717 0.002 0.005 0.663
DMPEFC- 1102 —0.021 —-0.125 0.084 0.666 0.666 —0.291 0.249 0.012 20.184 0.017 0.024 0.554
MTL
MDD Control Std. Mean Difference Std. Mean Difference
Study Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% ClI
So1 -0.01 0.11 52 0.02 0.11 48 10.6% -0.27[-0.67; 0.12] —8
S07 -0.01 0.1 29 0.01 0.09 31 7.4% -0.27[-0.78; 0.24] —
S08 -0.01 0.11 37 0.01 0.09 47 94% -0.19[-0.62; 0.24] ——
S09 -0.04 0.09 44 0.04 0.11 46 9.3% -0.86[-1.30;-0.43] —&— !
S10 -0.01 0.09 31 0.01 009 20 6.4% -0.16[-0.72; 0.40] — i
S14 -0.01 0.09 56 0.010.08 31 9.2% -0.18[-0.62; 0.26] ——
S15 -0.02 0.09 26 0.02008 35 7.3% -0.43[-0.95; 0.08] ———
$17 -0.01 0.08 34 0.01010 37 84% -0.18[-0.64; 0.29] o
S20 -0.00 0.09 221 0.00 0.10 188 20.2% -0.01[-0.20; 0.19] —.—
S21 -0.01 0.08 65 0.01 0.09 55 11.8% -0.20[-0.56; 0.16] —
Total (95% CI) 595 538 100.0% -0.25 [-0.42; -0.07] <
Prediction interval [-0.64; 0.15] ——
Heterogeneity: Tau? = 0.0237; Chi? = 13.81, df =9 (P = 0.13); I = 35% f T T !
-1 =05 0 0.5 1

Fig. 1. Forest plot of meta-analysis results comparing Core functional connectivity between MDD and controls. MDD = major depressive disorder, SD = standard

deviation, IV = inverse variance, CI = confidence interval.

correlated to connectivity between the MTL and Core as well as MTL and
DMPFC subsystems (g = 0.131, CI = [0.074; 0.189], pFDR = 0.003 and
g =0.192, CI = [0.147; 0.236], pFDR < 0.001) (Table S1). The number
of volumes containing critical motion did not differ between MDD and
controls (W = 212,577, p-value = 0.82).

On average, males compared to females had less connectivity within
the DMPFC subsystem and more in the MTL subsystem (g = —0.174, CI
= [-0.330; —0.019], pFDR = 0.046 and g = 0.234, CI = [0.110-0.357],

PFDR = 0.004) (Table S1).

Age was not significantly correlated with any connectivity measure
(all pFDR > 0.05) (Table S1).

We found no significant difference between treated and untreated
MDD in Core functional connectivity (t = 1.264, df = 188.07, p =
0.208), DMPFC functional connectivity (t = 1.097, df = 195.06, p =
0.274) and Core-DMPFC functional connectivity (t = 0.900, df = 195.56,
p = 0.369).
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MDD Control
Study Mean SD Total Mean SD Total Weight
S01 -0.00 0.09 52 0.00 0.07 48 9.8%
S07 0.01 0.09 29 -0.01 0.07 31 6.1%
S08 -0.01 0.08 37 0.00 0.08 47 82%
S09 -0.03 0.08 44 0.03 0.10 46 8.4%
S10 -0.00 0.07 31 0.01 007 20 5.0%
S14 -0.00 0.06 56 0.01 0.06 31 7.9%
S15 -0.01 0.06 26 0.01 007 35 6.0%
S17 -0.01 0.08 34 0.01 0.08 37 7.1%
S20 -0.00 0.08 221 0.00 0.08 188 30.1%
S21 -0.01 0.08 65 0.01 0.09 55 11.4%
Total (95% ClI) 595 538 100.0%

Prediction interval

Heterogeneity: Tau® = 0.0046; Chi® = 9.93, df = 9 (P = 0.36); I = 9%
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Std. Mean Difference
IV, Random, 95% CI
-0.06 [-0.45; 0.33]
0.19[-0.31; 0.70]
-0.14 [-0.57; 0.29]
-0.69 [-1.11; -0.26]
-0.12 [-0.68; 0.44]
-0.22 [-0.66; 0.22]
-0.34[-0.86; 0.17]
-0.28 [-0.75; 0.18]
-0.06 [-0.25; 0.14]
-0.14 [-0.50; 0.22]

Std. Mean Difference
IV, Random, 95% CI
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Fig. 2. Forest plot of meta-analysis results comparing DMPFC functional connectivity between MDD and controls. MDD = major depressive disorder, SD = standard

deviation, IV = inverse variance, CI = confidence interval.

MDD Control Std. Mean Difference Std. Mean Difference
Study Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
So1 0.00 0.09 52 -0.00 0.08 48 10.7% 0.02 [-0.37; 0.41] :
S07 -0.00 0.08 29 0.00 0.06 31 8.3% -0.03[-0.53; 0.48]
S08 -0.00 0.09 37 0.00 0.08 47 9.8% -0.08[-0.51; 0.35]
S09 -0.04 0.07 44 0.04 0.09 46 9.7% -0.92[-1.36;-0.49] —@—
S10 -0.00 0.07 31 0.01 0.07 20 7.3% -0.18[-0.74; 0.38] —I——
S14 -0.01 0.07 56 0.01 0.06 31 9.6% -0.37[-0.81; 0.08] —.‘—-
S15 -0.01 0.07 26 0.01 007 35 8.2% -0.33[-0.84; 0.18] —&—
S17 -0.02 0.07 34 0.02 007 37 8.9% -0.52[-0.99;-0.04] —
S20 0.00 0.07 221 -0.00 0.08 188 16.0% 0.04 [-0.15; 0.24] —.—
S21 -0.01 0.07 65 0.01 0.08 55 11.5% -0.31[-0.68; 0.05] +
Total (95% Cl) 595 538 100.0% -0.25 [-0.46; —0.03] o
Prediction interval [-0.81; 0.32] [
Heterogeneity: Tau® = 0.0510; ChiZ = 21.21, df =9 (P = 0.01); I* = 58% I J J L
-1 -05 0 05 1

Fig. 3. Forest plot of meta-analysis results comparing Core to DMPFC subsystems functional connectivity between MDD and controls. MDD = major depressive
disorder, SD = standard deviation, IV = inverse variance, CI = confidence interval.

3.2. Default mode network subsystems connectivity and rumination

3.2.1. Confirmation of meta-analysis results

First, we compared participants with current MDD or any anxiety
disorder versus people without current MDD or any anxiety disorder.
Functional connectivity within the Core and DMPFC was reduced on
average, but not significantly (t = —0.934, df = 44.217, pFDR = 0.230
and t = —0.744, df = 47.284, pFDR = 0.230) (Table 4, Fig. 4). Effect
sizes were lower than the ones found in the meta-analysis (d = 0.184 and
d = 0.139). Similarly, functional connectivity between the Core and
DMPFC was reduced, but not significantly (t = —0.987, df = 48.369,
PFDR = 0.230). The effect size was d = 0.181 (Table 4, Fig. 4).

Results comparing participants with current MDD versus people
without current MDD were similar. Functional connectivity within the
Core and DMPFC was reduced but not significantly (t = —1.161, df =
75.613, pFDR = 0.188 and t = —0.734, df = 83.015, pFDR = 0.120)
(Table 4, Fig. 5), with effect sizes lower than the ones from the meta-
analysis (d = 0.199 and d = 0.120). Like for the previous group

Table 4

subdivision, functional connectivity between Core and DMPFC was
reduced but not significantly (t = —1.204, df = 90.971, pFDR = 0.188).
The effect size was d = 0.189 (Table 4, Fig. 5).

3.2.2. Default mode network subsystems connectivity and rumination

We found no significant effects of RRS total or subscales in predicting
our 3 network measures, nor of their interaction with our group vari-
ables (all pFDR > 0.05). See Table 5 for regression results using current
MDD/anxiety disorder versus neither MDD nor anxiety disorder and
Table 6 for regression results using current MDD versus no current MDD.
Age and sex did not significantly predict any connectivity measure (all
PFDR > 0.05) (Table 5 and Table 6).

Our exploratory analysis using network-based statistics also did not
find any DMN subnetworks whose intensity correlated to the RRS total
or subscales at any t-value threshold.

Results of group comparisons in the HCP-DES sample. T-tests were adjusted by age and sex. DMN = default mode network, DMPFC = dorsomedial prefrontal cortex, FC
= functional connectivity, MDD = major depressive disorder, AnxD = any anxiety disorder, FDR = false discovery rate, HCP-DES = human connectome project for

disordered emotional states.

Group comparison Subsystem HC mean FC (SD) MDD mean FC (SD) t df p PFDR d

MDD or AnxD < No MDD or AnxD DMN Core 0.316 (0.075) 0.303 (0.070) —0.934 44.217 0.178 0.230 0.184
DMN DMPFC 0.246 (0.081) 0.241 (0.073) —0.744 47.284 0.230 0.230 0.139
DMN Core-DMPFC 0.189 (0.068) 0.182 (0.059) —0.987 48.369 0.164 0.230 0.181

MDD < No MDD DMN Core 0.317 (0.076) 0.303 (0.067) -1.161 75.613 0.125 0.188 0.199
DMN DMPFC 0.246 (0.083) 0.242 (0.068) —0.734 83.015 0.233 0.233 0.120
DMN Core-DMPFC 0.190 (0.070) 0.180 (0.053) —1.204 90.971 0.116 0.188 0.189
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Fig. 4. Default mode network subsystem functional connectivity differences between participants with MDD or an anxiety disorder versus participants without MDD
or an anxiety disorder in the HCP-DES sample. We show mean and standard deviation (dot and whiskers) for each group. Functional connectivity was adjusted by age
and sex. Anx = Anxiety, MDD = major depressive disorder, DMPFC = dorsomedial prefrontal cortex, HCP-DES = human connectome project for disordered

emotional states.
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Fig. 5. Default mode network subsystem functional connectivity differences between participants with and without MDD in the HCP-DES sample. We show mean and
standard deviation (dot and whiskers) for each group. Functional connectivity was adjusted by age and sex. MDD = major depressive disorder, DMPFC = dorsomedial
prefrontal cortex, HCP-DES = human connectome project for disordered emotional states.

3.2.3. Results using connectivity matrices derived from non-concatenated
timeseries

The alternative set of HCP-DES connectivity matrices obtained by
correlating timeseries of each run and then averaging them for each
participant generated comparable results.

Participants with current MDD or any anxiety disorder versus people
without current MDD or any anxiety disorder did not show a significant
reduction in connectivity of the Core or DMPFC (t = —0.967, df =
42.397, pFDR = 0.255 and t = —0.536, df = 42.420, pFDR = 0.297).
Effect sizes were lower than the ones found in the meta-analysis (d =
0.198 and d = 0.110). Similarly, functional connectivity between the
Core and DMPFC was reduced, but not significantly (t = —0.993, df =
43.467, pFDR = 0.255, d = 0.199) (Table S2).

For participants with current MDD versus without current MDD,
functional connectivity within the Core and DMPFC was not signifi-
cantly reduced (t = —1.260, df = 69.518, pFDR = 0.159, d = 0.226 and t
= -0.632, df = 72.543, pFDR = 0.265, d = 0.111). Functional connec-
tivity between Core and DMPFC was also not significantly reduced (t =
—1.424, df = 78.719, pFDR = 0.159, d = 0.239) (Table S2).

We also found no significant effects of RRS total or subscales in
predicting our 3 network measures, nor of their interaction with our
group variables (all pFDR > 0.05). See Table S3 for regression results
using current MDD/anxiety disorder versus neither MDD nor anxiety
disorder and Table S4 for regression results using current MDD versus no
current MDD.

The exploratory analysis using network-based statistics also did not
find any DMN subnetworks whose intensity correlated to the RRS total
or subscales at any t-value threshold.

4. Discussion

In the present study, we provide meta-analytic evidence that reduced
resting state DMN functional connectivity in MDD is localized within its
Core subsystem, although this effect is small and has large variability as
well as heterogeneity across sites. Contrary to our hypothesis, trait
rumination does not significantly predict connectivity within and be-
tween DMN subsystems.

Our results expand on a previous study conducted on the Meta-MDD
dataset, which found reduced DMN connectivity in MDD, driven by
recurrent patients (Yan et al., 2019). This study also found that con-
nectivity was reduced on average across sites within all three DMN
subsystems as well as between the Core-DMPFC and Core-MTL sub-
systems (Yan et al., 2019). Our first novel contribution is to demonstrate
in a meta-analysis that functional connectivity is robustly reduced across
sites only within the Core subsystem of the DMN. This is in line also with
previous studies that found decreased connectivity of MDD patients
compared to controls in the DMN Core (Chen et al., 2015). It is worth
noting that in the meta-analysis functional connectivity within the
DMPEFC subsystem and between the DMN Core and DMPFC subsystems
was also slightly reduced in MDD compared to controls, with a
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Table 5
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Results of linear regressions predicting DMN subsystem connectivity from rumination in the HCP-DES sample considering current MDD or AnxD as a predictor. DMN =
default mode network, DMPFC = dorsomedial prefrontal cortex, FC = functional connectivity, HC = healthy controls, MDD = major depressive disorder, AnxD = any
anxiety disorder, FDR = false discovery rate, HCP-DES = human connectome project for disordered emotional states.

DMN Core FC DMN DMPFEC FC DMN Core-DMPFC FC
Coefficient ~ SE t p PFDR  Coefficient ~ SE t p pFDR  Coefficient ~ SE t p pFDR
Sex 0.001 0.013 0.074 0941 0973 -0.021 0.014 -1.525 0.129 0.533  —0.025 0.011  -2.195 0.030 0.420
Age —0.001 0.001 -0.812 0.418 0.791 —0.003 0.001 -1.971 0.051 0.437 —0.001 0.001 —0.519 0.604 0.791
RRS total 0.000 0.000 0.653 0.515 0.791 0.000 0.000 0.666 0.506 0.791 0.000 0.000 1.353 0.178 0.584
MDD or —0.061 0.082 —-0.751 0.454 0.791 -0.129 0.086 —1.492 0.138 0.533 —0.048 0.072 —-0.665 0.507 0.791
AnxD
MDD or 0.001 0.001 0.510 0.611 0.791 0.002 0.001 1.283 0.201 0.603 0.000 0.001 0.361 0.719 0.846
AnxD*RRS
total
Sex 0.000 0.013 0.025 0.980 0.980 —0.021 0.013 —1.561 0.121 0.533 —0.025 0.011 —2.228 0.027 0.420
Age —0.001 0.001 —-0.824 0.411 0.791  —0.003 0.001 —2.048 0.042 0.420 —0.001 0.001 -0.570 0.570 0.791
RRS 0.002 0.002 1.004 0.317 0.766  0.001 0.002  0.487 0.627 0.791  0.002 0.001  1.475 0.142  0.533
reflection
MDD or —0.031 0.059 —-0.530 0.597 0.791 —0.061 0.063 —-0.974 0.332 0.766 —0.012 0.052 -0.236 0.814 0.916
AnxD
MDD or 0.001 0.004 0.198 0.844 0.921  0.003 0.005  0.750 0.455 0.791  —0.001 0.004 —0.138 0.890 0.952
AnxD*RRS
reflection
Sex 0.000 0.013 —0.035 0.972 0.980 —0.022 0.014 —1.584 0.115 0.533 —0.026 0.011 —2.303 0.023 0.420
Age —0.001 0.001 —-0.684 0.495 0.791  —0.002 0.001 -1.758 0.081 0.533  0.000 0.001 -0.375 0.709 0.846
RRS 0.002 0.002 0.985 0.326 0.766  0.002 0.002  0.986 0.326  0.766  0.002 0.001  1.644 0.102  0.533
brooding
MDD or —0.043 0.060 —0.713 0.477 0.791  -0.102 0.064 -1.601 0.111 0.533 —0.033 0.053 -0.611 0.542 0.791
AnxD
MDD or 0.002 0.004 0.385 0.701 0.846  0.006 0.005  1.330 0.185 0.584  0.001 0.004 0.223 0.824 0.916
AnxD*RRS
brooding
Sex 0.002 0.013 0.121  0.904 0.952  —0.021 0.013 -1.566 0.120 0.533  —0.024 0.011 —-2.139 0.034  0.420
Age —0.001 0.001 -0.884 0.378 0.791  —0.003 0.001 —2.048 0.042 0.420 —0.001 0.001 -0.599 0.550 0.791
RRS 0.000 0.001 0.292 0.771 0.890  0.000 0.001  0.543 0.588 0.791  0.001 0.001  1.020 0.309  0.766
depression
related
MDD or —0.062 0.088 —-0.706  0.482 0.791 —0.124 0.092 —-1.340 0.182 0.584 —0.058 0.077 —0.746  0.457 0.791
AnxD
MDD or 0.001 0.002 0.509 0.611 0.791 0.003 0.002 1.151 0.252 0.720 0.001 0.002 0.479 0.633 0.791
AnxD*RRS
depression
related

confidence interval for the difference not encompassing 0. However, it is
important to highlight that this difference was not significant following
correction for multiple comparisons. Therefore, our meta-analysis does
not conclusively support these latter findings, although they have been
reported in previous studies (Zhu et al., 2017).

Previous evidence suggests that the Core and DMPFC subsystems of
the DMN contribute to different aspects of internal mentation (Andrews-
Hanna, 2011). Specifically, the DMN Core acts as a network hub, inte-
grating the function of the other subsystems. Activity in the DMN Core is
also related to self-reports of personal significance, introspection about
one’s own mental states, and evoked emotion (Andrews-Hanna, 2011).
The DMPFC subsystem, on the other hand, is primarily active when
participants focus on their present mental state or when they infer the
mental states of other people (Andrews-Hanna, 2011). Reduced neuro-
transmitters and volume have been reported in these regions in MDD
previously and alterations in their function has been linked to symp-
toms, especially rumination (Zhu et al., 2017; Hasler et al., 2007;
Khundakar and Thomas, 2009; Zhao et al., 2014). Interestingly, when
considering DMN subsystems instead of the whole network, we found no
significant difference between recurrent and first episode MDD. Also, we
found no relationship between subsystems functional connectivity and
current symptoms severity or illness duration. This suggests that
decreased functional connectivity within and between the Core and
DMPFC subsystems of the DMN might be a “trait” signature of MDD
which persists from onset throughout the illness. However, the small
effect size we detected for this difference significantly limits our ability

to interpret its neurobiological implications.

Our second contribution is to provide detailed meta-analysis metrics
comparing the functional connectivity of DMN subsystems between
MDD and healthy controls along with their relationship with symptom
severity and clinical features. In particular, it is important to note that
the effects we detected were small (g < 0.25 for all significant effects)
and, crucially, prediction intervals invariably encompassed 0. This
mirrors the discrepant findings from the previous meta-analysis, which
found increased connectivity in MDD and the most recent study by the
Meta-MDD consortium, which found decreased connectivity (for meta-
analysis: (Kaiser et al., 2015), for a multi-center study: (Yan et al.,
2019)). Also, given that the effects were so weak and that prediction
intervals encompassed 0, it was not surprising that we found no effect of
MDD on DMN subsystems connectivity in our independently collected
HCP-DES sample. These results are an important caveat for future work
investigating the DMN in depression. For any study with this goal, large
sample sizes are needed and even so, it is not guaranteed that there will
be a detectable average effect on DMN functional connectivity when
MDD is assumed to be a uniform diagnostic group and compared to
healthy controls. Collaborative initiatives with open data sharing such
as the Meta-MDD Consortium (www.rfmri.org/REST-meta-MDD) and
the NIH Human Connectome Studies Related To Disease (https://www.
humanconnectome.org/disease-studies) will likely be key for finding
robust effects of MDD and its subgroups on DMN functional
connectivity.

Another important aspect revealed by our meta-analysis is that
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Table 6
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Results of linear regressions predicting DMN subsystem connectivity from rumination in the HCP-DES sample considering current MDD as a predictor. DMN = default
mode network, DMPFC = dorsomedial prefrontal cortex, FC = functional connectivity, HC = healthy controls, MDD = major depressive disorder, FDR = false discovery

rate, HCP-DES = human connectome project for disordered emotional states.

DMN Core FC DMN DMPFEC FC DMN Core-DMPFC FC
Coefficient ~ SE t p PFDR  Coefficient ~ SE t p pFDR  Coefficient ~ SE t p pFDR
Sex 0.001 0.012 0.067 0.947 0.963 —0.020 0.013 -1.534 0.127 0.501  —0.025 0.011  -2.228 0.027 0.338
Age —0.001 0.001 -0.858 0.392 0.811 —0.003 0.001 —-2.021 0.045 0.338 —0.001 0.001 —-0.567 0.571  0.897
RRS total 0.000 0.000 0.887 0.377 0.811 0.000 0.000 0.666 0.506 0.892 0.001 0.000 1.581 0.116 0.501
MDD —0.040 0.073 -0.546 0.586 0.897 —0.114 0.077 —-1.475 0.142 0.501 —0.030 0.064 —0.464 0.643 0.912
MDD*RRS 0.000 0.001 0.238 0.812 0.961  0.002 0.001  1.254 0.212  0.606  0.000 0.001  0.092 0.927  0.961
total
Sex 0.001 0.012 0.089 0.929 0.961 —0.022 0.013 -1.636 0.104 0.501 —0.025 0.011 -2.263 0.025 0.338
Age —0.001 0.001 -0.881 0.380 0.811  —0.003 0.001 -2.047 0.042 0.338 —0.001 0.001 -0.592 0.555 0.897
RRS 0.002 0.002 1.079 0.282 0.677 0.001 0.002 0.731 0.466 0.892 0.003 0.001 1.775 0.078 0.468
reflection
MDD —0.034 0.053 —-0.641 0.523 0.892 —0.022 0.056 —0.387 0.699 0912 0.008 0.047  0.161 0.873  0.961
MDD*RRS 0.001 0.004 0.236 0.814 0.961 0.001 0.004 0.135 0.893 0.961 —0.002 0.003 —-0.621 0.535 0.892
reflection
Sex —0.001 0.013 -0.104 0917 0961 —0.023 0.013 -1.701 0.091 0.496 —0.027 0.011 —-2.437 0.016 0.338
Age —0.001 0.001 -0.737 0.462 0.892  —0.002 0.001 -1.793 0.075 0.468  0.000 0.001 -0.433 0.666 0.912
RRS 0.002 0.002 1.320 0.189 0.567  0.002 0.002  1.097 0.274  0.677  0.003 0.001  2.022 0.045 0.338
brooding
MDD —0.022 0.055 —0.402 0.689 0.912 —0.082 0.058 —-1.414 0.159 0.530 —0.011 0.048 —0.220 0.826 0.961
MDD*RRS 0.000 0.004 —-0.034 0.973 0.973  0.005 0.004  1.096 0.275 0.677  —0.001 0.003 -0.287 0.775 0.961
brooding
Sex 0.001 0.012 0.115 0.908 0.961 —0.020 0.013 —1.498 0.136 0.501 —0.023 0.011 —2.120 0.036 0.338
Age —0.001 0.001 -0916 0.361 0.811  —0.003 0.001 —-2.114 0.036 0.338  —0.001 0.001 -0.652 0.515 0.892
RRS 0.000 0.001 0.528 0.598 0.897  0.000 0.001  0.397 0.692 0.912 0.001 0.001 1.135 0.258  0.677
depression
related
MDD —0.028 0.072 -0.397 0.692 0912 -0.118 0.076 -1.564 0.120 0.501  —0.044 0.063 —0.702 0.484 0.892
MDD*RRS 0.000 0.002 0.122  0.903 0.961  0.003 0.002  1.363 0.175  0.553  0.001 0.002  0.359 0.720  0.919
depression
related

results involving the Core subsystem were heterogeneous across sites.
This heterogeneity might indicate the existence of discrete MDD sub-
types characterized, for example, by a hypo-connected DMN Core and an
intact DMN Core. It is known that with regards to its symptoms,
depression can be quite heterogeneous (Fried and Nesse, 2015). In a
synthesis of fMRI findings, we have previously highlighted the possi-
bility that the diagnostic category of MDD arguably conflates underlying
subtypes based on distinct neural circuit dysfunctions, including both
hyper- and hypo-DMN connectivity (Williams, 2016). Therefore, future
studies aiming to parse this clinical heterogeneity using functional
connectivity measures, and the reverse, could focus on the DMN Core as
a promising target. Further, heterogeneity for results involving the Core
subsystem could be the consequence of other factors affecting its con-
nectivity specifically, such as effects of different medication classes. For
example, we have previously demonstrated that relatively intact Core
DMN connectivity in untreated MDD characterizes patients who subse-
quently remit following treatment with commonly used antidepressants,
whereas Core DMN hypo-connectivity characterizes patients who do not
go on to remit on these antidepressants (Goldstein-Piekarski et al., 2018;
Korgaonkar et al., 2020). It is possible therefore that available studies
combine together treated patients who are both remitted and unre-
mitted or untreated patients who will go on to be both remitters and
non-remitters, and that these combined patients differ in their inherent
DMN connectivity. These same patients may also be different in their
inherent symptom profiles. Therefore, future fMRI studies of both pre-
dictive and mechanistic biomarkers of treatment could focus on the
DMN Core and parse it from other DMN subsystems. Overall, we cannot
draw conclusions from our meta-analysis about what might be driving
the site heterogeneity for the Core connectivity results, therefore the
above interpretations of the results remain speculative. Future studies
could leverage the Meta-MDD dataset to test them or to identify site-
specific confounding factors which might explain our results.
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Finally, the last contribution from this study is to show that trait
rumination as measured by the Rumination Response Scale is not a
significant predictor of resting state functional connectivity within the
DMN. This was true when investigating the Core and DMPFC sub-
systems, but also when conducting an exploratory analysis on all func-
tional connections within the DMN. This null result was contrary to our
original hypothesis and to previous studies on both MDD participants
and healthy controls (Zhou et al., 2020; Greicius et al., 2007; Chen et al.,
2020; Zhu et al., 2017; Lois and Wessa, 2016; R. and D, 2017). One
potential explanation for our findings emerges from considering a pre-
vious study reporting a reliable correlation between functional con-
nectivity between the DMN Core-DMPFC and trait rumination in a
sample of healthy individuals (Chen et al., 2020). In that study, partic-
ipants were asked to actively engage in a rumination and a distraction
state during the scan. The correlation between Core-DMPFC functional
connectivity and trait rumination was found specifically during the
rumination state. Therefore, robust detection of this relationship might
require active engagement of the DMN Core and DMPFC subsystems by a
specific mentation state in contrast with task-free resting state. Indeed, it
is even possible that different activation patterns during rumination
between MDD and controls might drive the differences in functional
connectivity that we detected. Another possibility extending upon the
above points is that most studies assume MDD is a uniform entity rather
than consider the heterogeneity of symptoms within the broader diag-
nosis. It may be of value to investigate whether trait rumination is
characteristic of a distinct subgroup of MDD who also are also charac-
terized by prominent disruptions in DMN connectivity, and to poten-
tially explore if such a subgroup cuts across other diagnostic categories.

Our study is not without limitations. First of all, as outlined above,
the lack of a tailored task designed to engage the DMN Core and DMPFC
subsystems might have prevented us from detecting a relationship be-
tween their functional connectivity and trait rumination. Future studies
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wishing to tackle this research question could consider such a design
compared to task-free resting state. Secondly, our HCP-DES clinical
sample consisted of untreated participants on a spectrum of depression
and anxiety symptoms ranging from mild to severe. We believe this
sample to be well-suited to study a transdiagnostic construct such as
rumination, but we also acknowledge that reduced functional connec-
tivity within and between DMN Core and DMPFC might be a feature
specific to MDD. Another caveat is that acquisition parameters and,
importantly, preprocessing of HCP-DES were different to the ones used
in Meta-MDD. This could have induced systematic differences between
the Meta-MDD and HCP-DES datasets that might have confounded our
results. For example, connectivity values were higher in most of Meta-
MDD sites compared to HCP-DES. We believe that this emphasizes the
importance of evaluating the impact of methodological factors on pu-
tative illness biomarkers and that these should ideally be validated
across different acquisition parameters and preprocessing streams.
Finally, in our meta-analysis the number of frames containing motion
correlated with the connectivity estimates. However, the effect was very
small (g ~ 0.10) and we also adopted a stringent criterion to remove
subjects with excessive motion. Furthermore, the amount of motion did
not differ between MDD and controls in our analyses.

To conclude, we show that MDD is characterized by slightly reduced
functional connectivity in the resting state within the DMN Core. This is
independent of illness duration, current symptoms and trait rumination.
However, our results indicate that reduced mean Core DMN connectivity
has significant limitations to be clinically useful or a promising neuro-
pathological marker of MDD when MDD is assumed to be a homogenous
diagnostic category: a small effect size, high variability, heterogeneity
across samples and potential vulnerability to confounding factors. Since
the effects we detected were very small and variability in the data is
high, we recommend that future studies wishing to investigate func-
tional connectivity differences in MDD use large datasets and that they
investigate the existence of distinct subgroups that may be conflated
within the broad diagnosis of MDD.
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