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Abstract

Rumination is associated with increased default-mode network (DMN) activity and functional connectivity (FC) in depressed
and healthy individuals. In this study, we sought to examine the relationship between self-reported rumination and
resting-state FC in the DMN and cognitive control networks in 25 remitted depressed patients and 25 matched healthy con-
trols using independent component and seed-based analyses. We also explored potential group differences in the global
pattern of resting-state FC. Healthy subjects with increased levels of rumination exhibited increased anterior DMN connect-
ivity with the posterior DMN and the dorsal attention network and low connectivity within the anterior DMN. On the other
hand, remitted depressed ruminators patients were associated with the opposite FC pattern in these regions. Based on glo-
bal FC patterns, a support vector machine algorithm correctly classified 92% of the subjects into their respective group by a
leave-one-out cross-validation. Whole-brain FC analysis also revealed a group by rumination interaction effect within the
DMN. The present findings highlight the different functional roles of the anterior and the posterior DMN, and provide novel
insights into the underlying neural mechanisms leading to depression relapse.
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Introduction

Rumination involves a persistent, passive focus on negative
self-relevant information, is implicated in the development,
maintenance and worsening of depressive symptoms (Nolen-
Hoeksema et al., 2008) and confers increased risk for relapse in
remitted major depressive disorder (MDD) individuals (Michalak
et al., 2011).

Rumination has been strongly linked to the default-mode
network (DMN), a network encompassing medial prefrontal cor-
tex (PFC), ventral anterior cingulate cortex (ACC), precuneus,
posterior cingulate cortex (PCC) and bilateral angular gyri
(Buckner et al., 2008). Rumination-induction has been associated
with increased DMN functional connectivity (FC) and hyper-
activity in MDD patients (Lemogne et al., 2009; Cooney et al.,
2010; Kessler et al., 2011; Berman et al., 2014) and healthy

subjects (Kross et al., 2009; Freton et al., 2014). In addition,
resting-state studies have shown a positive correlation between
self-reported rumination and DMN FC in depressed patients
(Zhu et al., 2012) or in both healthy and depressed individuals
(Berman et al., 2011).

A large body of evidence advocates that the DMN is decom-
posed into functionally specialized subsystems (Andrews-
Hanna et al., 2010). The anterior DMN component (i.e. medial
PFC and ventral ACC) has been implicated in identifying stimuli
as self-salient (Gusnard et al., 2001; Schmitz and Johnson, 2007),
whereas the posterior DMN component (i.e. precuneus/PCC and
bilateral angular gyrus) together with the parahippocampal
gyrus are involved in autobiographical search and memory re-
trieval (Northoff, 2007; Sestieri et al., 2011). Depression-related
impairments have been more frequently reported in the anter-
ior DMN component (Whitfield-Gabrieli and Ford, 2012)
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suggesting that maladaptive rumination in depressed patients
is more likely to implicate this DMN component (Hamilton et al.,
2011; Zhu et al., 2012).

The switch from internally focused mental activities, such
as rumination, to externally focused goal-directed tasks is
accompanied by deactivation of the DMN and recruitment of
cognitive control networks such as the dorsal attention network
(DAN), frontoparietal (FPN) and salient network (SN) (Fornito
et al., 2012; Cocchi et al., 2013; Liang et al., 2015). The antagonistic
relationship between DMN and cognitive control networks may
influence the ability to exert cognitive control over ruminative
thought and may determine the type of rumination (Marchetti
et al., 2012; Nejad et al., 2013). In line with this view, studies in
depression reported deficient recruitment of cognitive control
networks during inhibition of ruminative thoughts (Carew et al.,
2013) and a relationship between increased trait rumination
and hypo-connectivity between subgenual ACC and lateral PFC
at rest (Connolly et al., 2013). Taken together, these findings sug-
gest that functional interactions between DMN and cognitive
control networks may play an important role in rumination.

Given that rumination is an important cognitive vulnerabil-
ity factor for depression (Nolen-Hoeksema et al., 2008) and that
post-treatment levels of rumination can predict depression re-
lapse (Michalak et al., 2011), it appears critical to investigate the
neural underpinnings of rumination in MDD patients during
remission.

Substantial evidence has shown alterations in resting-state
DMN FC in depression (Zhu et al., 2012; Kaiser et al., 2015) as well
as increased rumination and potentially different content of ru-
minative thoughts in MDD patients compared to healthy sub-
jects (Treynor et al., 2003; Nolen-Hoeksema et al., 2008). In light
of this evidence, we hypothesized that self-reported trait ru-
mination may differentially predict the pattern of resting-state
FC within the DMN and between the DMN and cognitive control
networks for remitted MDD patients and healthy controls.

To test these hypotheses, we examined the relationship be-
tween self-reported trait rumination and resting-state FC within
the DMN and between the DMN and cognitive control networks.
We opted for an independent component analysis (ICA) ap-
proach with prior information about the spatial maps of the
networks of interest (constrained ICA) (Lin et al., 2010) in order
to independently assess FC among the anterior and posterior
DMN. In addition, we compared the ICA findings with the re-
sults of conventional seed-based analyses to extend the inter-
pretability of our findings.

A limitation of the aforementioned approaches is that they
provide no information about how brain areas outside the net-
works of interest are connected with each other. Recent evidence
has shown substantial alterations in whole-brain resting-state FC
in acutely depressed patients that may be related to rumination
(Berman et al., 2014) and may constitute potential biomarkers for
clinical diagnosis (Zeng et al., 2012). We thus investigated
whether global FC patterns can reliably distinguish remitted
depressed patients from healthy subjects and sought to identify
the functional connections in the whole brain that are more
affected in the patients and are related to rumination.

Materials and methods
Participants

Twenty-seven remitted patients with MDD and 27 healthy con-
trols matched for age, and gender participated in the study.
Two patients and two control subjects had to be excluded from

the analysis due to excessive movement artifacts, leaving 25
remitted MDD patients and 25 healthy controls for data ana-
lyses (Table 1).

Patients were recruited at the Central Institute of Mental
Health in Mannheim, Germany, through local psychotherapists,
and patient support groups. Diagnoses of MDD and potential
comorbid mental disorders were assessed with the Structured
Clinical Interview for DSM-IV, SCID-I and -II (First et al., 1995),
and were conducted by trained psychologists. None of the pa-

tients currently fulfilled the criteria for any other mental dis-
order. Healthy participants were free of any past or present
mental disorder. Exclusion criteria for all participants were, age
<18 or >65, neurological disorder or head trauma with uncon-
sciousness, current and lifetime alcohol or substance depend-
ence, and common MRI exclusion criteria.

Remission from a depressive episode was defined as a score
<6 on the Hamilton Depression Rating Scale (Hamilton, 1960)
for at least 8 weeks. The medication status (i.e. type and dose)
of all patients had been stable during the past 6 months.
Antidepressant medication load was calculated according to
Sackeim (2001) and was included as a covariate in all analyses.
Variables describing the clinical course of the disease such as
the number of past depressive episodes, the age at illness onset,
disease duration and the time in remission were acquired for
every patient (Table 1) and were also included as covariates in
an exploratory regression analysis.

The ethics committee of the University Heidelberg approved
the study and all participants provided written informed ac-
cording to the Declaration of Helsinki.

Questionnaires

Rumination was assessed using the rumination subscale of the
German version of the Cognitive Emotion Regulation
Questionnaire (CERQ) (Garnefski and Kraaij, 2007). Residual
mood symptoms were assessed by the Beck Depression
Inventory (BDI) (Beck et al., 1974) and by the Hamilton
Depression Rating Scale (Hamilton, 1960).

Image acquisition

Data were acquired on a 3-T whole body scanner (Magnetom
Trio, Siemens Medical Solutions, Erlangen, Germany). During
resting-state, we acquired 40 gradient-echo T2*-weighted
slices (slice thickness¼ 2.3 mm) per volume with the
following parameters: TR¼ 2.7 s, flip angle¼ 100�, TE¼ 27 ms,
field of view¼ 220� 220 mm2, matrix¼ 96� 96, voxel
size¼ 2.3 mm� 2.3 mm� 2.3 mm and a slice gap of 0.7 mm.
Participants were instructed to lie still with their eyes closed
and not to fall asleep for 5 min. 120 whole-brain volumes were
acquired.

Image preprocessing

All imaging preprocessing steps were conducted using statis-
tical parametric mapping (SPM8; http://www.fil.ion.ucl.ac.uk/
spm). Functional images were slice-time corrected, and re-
aligned. The images were then spatially normalized to a stand-
ard template (Montreal Neurological Institute, Montreal, QC,
Canada), resampled to 2.3 mm cubic voxels, and spatially
smoothed by convolution with an isotropic Gaussian kernel
(full-width at half-maximum¼ 6.9 mm).
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Group ICA

ICA was carried out using the Group ICA of fMRI Toolbox (GIFT,
http://mialab.mrn.org/software/gift/). We used constrained ICA
incorporating prior information about spatial patterns into
standard blind ICA (Lin et al., 2010; Goulden et al., 2014). The
main advantages of the constrained ICA algorithm is the auto-
matic extraction of the networks of interest which overcomes
the problem of estimating the optimal number of components
and identifying neural networks based on the spatial pattern of
each independent component (IC). The latter is especially im-
portant for this study in which anterior and posterior compo-
nents of the DMN are extracted as separate ICs. Templates of
the networks of interest, namely the anterior DMN, posterior
DMN, FPN, DAN and SN, were derived from Allen et al.’s (2011)
study which was based on a large number of healthy individuals
(n¼ 603). Constrained ICA automatically extracted the five net-
works of interest. Group-level ICs (both spatial maps and time
courses) of these networks were then back-reconstructed for
each subject using the GICA method (Erhardt et al., 2011). The
time course of each IC represents the average pattern of coher-
ent brain activity in the network and the intensity of this pat-
tern of brain activity across the voxels is expressed in the
associated spatial map. Visual inspection of the spatial maps of
the ICs revealed great spatial overlap between ICs and the cor-
responding templates. Examination of the spectral characteris-
tics of the five ICs confirmed that the time courses are
dominated by frequency fluctuations inside the 0.01–0.1 Hz win-
dow (Cordes et al., 2001).

To explore the effect of segmenting the DMN into two com-
ponents, we repeated the constrained ICA, this time represent-
ing the DMN (i.e. anterior and posterior DMN) as one
component.

Within-network connectivity analysis

After collapsing the two groups, one-sample t-tests were carried
out on the subject-specific z-maps of each network of interest.
To restrict the analysis only within the core nodes of each net-
work, binary masks of the statistical maps obtained from the

one-sample t-tests were created by applying a family-wise error
(FWE)-corrected threshold at P< 0.001.

Subsequently, subject-specific mean z scores expressing the
intensity of the average pattern of coherent brain activity were
extracted within each network. The extracted values represent
mean connectivity within a network and were imported into
SPSS v22.0 for further statistical analysis. The same procedure
was followed for the second ICA where the DMN (i.e. anterior
and posterior component) was represented as one component.

Between-networks connectivity analysis

The subject-specific time course of each IC was band-pass fil-
tered with cut-off frequencies of 0.01–0.1 Hz (Cordes et al., 2001)
and was subjected to functional network connectivity (FNC)
analysis (http://mialab.mrn.org/software). FNC analysis esti-
mates the Pearson’s correlation coefficient between pairs of IC
time courses with a maximal lagged correlation approach (i.e.
�3 toþ3 s lag) (Jafri et al., 2008). Pairwise correlations were com-
puted between the time courses of the two DMN components as
well as between the DMN components and FPN, DAN and SN for
each subject and were imported into SPSS v22.0 for further stat-
istical analysis. The same procedure was followed for the se-
cond ICA this time replacing the two DMN components with the
time course of the entire DMN.

Statistical analysis

Hierarchical multiple linear regression analysis was conducted
to investigate whether within-network and between-networks
FC patterns can be predicted by group (i.e. MDD or healthy con-
trols), levels of trait rumination, or an interaction of these two
factors (i.e. group by rumination interaction effect). A dummy
variable coding for group membership was entered in the first
step of the regression analysis, rumination was entered in the
second step, and a group by rumination interaction term was
used as the last predictor. The interaction term was created by
multiplying the group variable with the centered scores of ru-
mination to avoid possible problems with multicollinearity. As
dependent variables, we used the output of the within-network

Table 1. Demographic and clinical characteristics of participants

Characteristics HC n ¼ 25 MDD n ¼ 25 Statistics P-value

Gender ratio (female/male) 17/8 18/7 Chi2(1) ¼ 0.095 P ¼ 0.758
Mean movement per subject (mm) 0.0044 0.0052 t(48)¼�0.77 P ¼ 0.445
Age. Mean (SD) 42.52 (11.18) 42.82 (11.18) t(48) ¼ 0.097 P ¼ 0.923
Rumination CERQ. Mean (SD) 8.12 (2.27) 10.04 (3.24) t(48) ¼ 2.420 P ¼ 0.019
Current symptoms

HAM-D. Mean (SD) 0.04 (.20) 0.88 (1.33) t(48) ¼ 4.203 P ¼ 0.000
BDI. Mean (SD) 1.12 (1.58) 6.68 (6.42) t(48) ¼ 3.116 P ¼ 0.003

Clinical characteristics
No. of depressive episodes. Mean (SD) – 3.40 (2.02) – –
Illness duration, years. Mean (SD) – 12.40 (8.42) – –
Age at illness onset, years. Mean (SD) – 29.00 (11.57) – –
Time in remission, years. Mean (SD) – 6.04 (17.57) – –

Medication [subjects]
Antidepressants – 7 – –
Mood stabilizers – 6 – –
Antipsychotics – 3 – –

None 25 13 – –
Medication load. mean (SD) # 0 1.64 (2.10) – –

HAM-D, Hamilton Depression Rating Scale; BDI, Beck Depression Inventory.
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and the between-networks connectivity analysis which
included two within-network variables (i.e. anterior and poster-
ior DMN) and seven between-networks variables (i.e. all the pos-
sible pairs between the two DMN components and cognitive
control networks and the anterior-posterior DMN pair). In total,
nine multiple regression tests were conducted, one for each de-
pendent variable. Statistical significance was adjusted for mul-
tiple testing by applying Bonferroni–Holm correction.
Regression diagnostics were performed to test for collinearity,
normality, outliers and leverage.

To test for the specificity of the observed effects, the same
procedure was repeated one more time forcing age, gender and
mean movement per subject in the first block of predictors. In
addition, we explored whether variables that correlate with ru-
mination such as BDI, CERQ self-blame, CERQ other-blame and
CERQ catastrophizing could explain the rumination effects.

Within each group, post hoc Pearson’s correlation tests be-
tween rumination and FC measures were performed to identify
the direction of interaction effects. Within the patient group,
partial correlations were performed to explore whether signifi-
cant correlations between rumination and FC measures are con-
founded by clinical variables such as medication load, the
number of past depressive episodes, the age at illness onset,
disease duration and the time in remission.

The regression analysis was repeated using as input the FC
variables derived from the second constrained ICA that con-
sidered DMN as one component.

Seed-based analysis in the DMN

Functional connectivity analysis, using a seed-based approach,
was conducted with the ‘conn’ toolbox v13.1 (Whitfield-Gabrieli
and Nieto-Castanon, 2012). This method allows for interpret-
ation of anti-correlations as there is no regression of the global
signal. In addition, the confounding effect of physiological and
other spurious sources of noises from white matter and cerebral
spinal fluid and the movement-related parameters (six dimen-
sions with their first-order derivative) were removed and tem-
poral filtering was applied.

A sphere of 10 mm radius in the medial PFC was defined as
the seed region around peak coordinates selected from the lit-
erature (Fox et al., 2005; Whitfield-Gabrieli et al., 2009). Pearson’s
correlation coefficients between the BOLD time course from the
seed region-of-interest (ROI) and each voxel in the brain were
converted to normally distributed z-scores using Fisher’s trans-
form. Similar to the ICA analysis, we tested for a group effect, a
main rumination effect and a group by rumination interaction
effect. Significant effects were reported if they survived a strin-
gent cluster-extent threshold at FWE-corrected P< 0.05 and
voxel-wise threshold at uncorrected P< 0.001. Post hoc tests
examining the relationship between rumination and FC in each
group separately were restricted to voxels that displayed a sig-
nificant group by rumination interaction effect.

Whole-brain functional connectivity analysis

A seed-based approach was also employed to explore global
resting-state FC patterns. The preprocessed images were seg-
mented into 116 regions according to the automated anatomical
labeling atlas (Tzourio-Mazoyer et al., 2002) using the software
WFU_PickAtlas (version 2.0, http://www.ansir.wfubmc.edu)
(Maldjian et al., 2003). In the present analysis, we extracted the
average fMRI time series from the 90 regions that correspond to
cerebral regions. Pearson’s correlation coefficient was used to

assess FC between each pair of regions creating a 90 � 90 sym-
metric matrix. The lower triangle and the diagonal elements of
this matrix were removed leaving (90 � 89)/2¼ 4005 elements as
the feature space for group classification.

Identification of features with high discriminative power

We used the Kendall tau rank coefficient to assess the relevance
of each feature to group classification (Zeng et al., 2012). This
correlation coefficient is based on the comparison of each fea-
ture between all the possible pairs of subjects among the two
groups. A positive tau coefficient indicates that the FC of a cer-
tain pair of regions increases in the patient group compared to
the control group. A negative coefficient indicates that this fea-

ture is decreased in the patient group. We subsequently se-
lected those features with coefficients over a threshold as the
final feature set for group classification.

Support vector classification, performance evaluation
and permutation tests

Support vector machines with linear kernel function were em-
ployed to solve the group classification problem using only the
features with high discriminative power. A leave-one-out cross
validation procedure was used to estimate the generalization
rate, the sensitivity and the specificity of our classifier. The sen-
sitivity represents the proportion of patients correctly predicted,
while the specificity represents the proportion of controls cor-
rectly predicted. The overall proportion of samples correctly
predicted is evaluated by the generalization rate.

In order to assess the performance of our classifier, permu-
tations tests were employed to measure the statistical signifi-
cance of the observed generalization rate (Golland and Fischl,
2003). The class labels of the training data were randomly per-
muted prior to training (10 000 permutations) and cross-
validation was performed on the permuted training set. We
hypothesized that the classification trained on the real class
labels was reliable when the generalization rate GR0 exceeded
the 95% of the generalization rates produced by the randomly
relabeled data.

Relationship between whole-brain functional connectiv-
ity and rumination

Similar to the ICA and seed-based analysis, we tested for a
group effect, a main rumination effect and a group by rumin-
ation interaction effect on the whole-brain functional connect-
ivity patterns. Significant effects were reported if they survived
a stringent seed-ROI connections threshold at FDR-corrected
P< 0.05 and a correction for the number of seeds at uncorrected
P< 0.05.

Results
Descriptive statistics

The demographic and clinical characteristics of the two groups
of participants are shown in Table 1. Age and gender did not dif-
fer significantly between groups but remitted MDD patients ex-
hibited higher levels of rumination compared to healthy
controls (Table 1).
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Predictors of within- and between-network FC

The dummy variable coding for group membership did not sig-
nificantly predict any of the dependent variables. Self-reported
levels of rumination did not significantly predict within-
network or between-networks FC. In the third regression step, a
group by rumination interaction effect significantly predicted
connectivity within the anterior DMN (Table 2), anterior–poster-
ior DMN FC (Table 3), and anterior DMN–DAN FC (Table 4). Post
hoc Pearson’s correlation tests (Figure 1) revealed that increased
rumination in healthy individuals were associated with low
connectivity within the anterior DMN (r¼�0.430, P¼ 0.032),
increased FC between anterior and posterior DMN (r¼ 0.423,
P¼ 0.035) and a trend level increase in anterior DMN–DAN con-
nectivity (r¼ 0.366, P¼ 0.072). On the other hand, increased trait

rumination in remitted MDD patients corresponds to a pattern
of strong connectivity within the anterior DMN (r¼ 0.439,
P¼ 0.028), low FC between anterior and posterior DMN
(r¼�0.460, P¼ 0.021) and decreased FC between anterior DMN-
DAN (r¼�0.491, P¼ 0.013). Interestingly, the removal of the two
remitted MDD patients that reported very high rumination lev-
els did not alter the significance of the group by rumination
interaction effects on the connectivity within the anterior DMN
(b¼�0.022, t(44)¼�2.92, P¼ 0.005), between the anterior–pos-
terior DMN (b¼ 0.053, t(44)¼ 3.34, P¼ 0.002) and between the an-
terior DMN–DAN (b¼ 0.045, t(44)¼ 3.73, P¼ 0.001).

Controlling for variables such as age, gender and mean
movement per subject in the first step of the regression model
did not alter the group by rumination interaction effects.
Furthermore, variables that correlate with rumination such as
BDI score, CERQ self-blame, CERQ other-blame and CERQ cata-
strophizing did not alter the interaction effects. Age and vari-
ables that correlate with rumination were also included in the
regression model to test for group by measure interaction ef-
fects. No group by measure interaction effect was significant
highlighting the specificity of the rumination effect. In the pa-
tient group, partial correlations using clinical variables and
medication load as covariates did not alter the significant cor-
relations between rumination and FC pattern.

The same procedure as described above was carried out for
the second constrained ICA (i.e. one component for both the an-
terior and posterior DMN) and revealed no group effect, rumin-
ation effect, or group by rumination interaction effect on
resting-state FC.

Seed-based analysis in the DMN

Similar to the ICA, the seed-based analysis demonstrated a
group by rumination interaction effect on connectivity between
medial PFC and two clusters in the posterior DMN, namely the
precuneus/PCC (peak at x ¼ �8 y ¼ �60 z¼ 40; 236 voxels) and
the right angular gyrus (peak at x¼ 50 y ¼ �60 z¼ 38; k¼ 315
voxels) (see Supplementary Figure 1). Post hoc tests revealed a
positive correlation between rumination and medial PFC-
precuneus/PCC FC (Z(46)¼ 4.26, P< 0.05 FWE corrected; 48 vox-
els) and medial PFC-right angular gyrus FC (Z(46)¼ 3.73, P< 0.05
FWE corrected; 83 voxels) in healthy controls. In remitted MDD
patients, self-reported rumination correlated negatively with
medial PFC-precuneus/PCC connectivity (Z(46)¼ 3.59, P< 0.05
FWE corrected; 110 voxels) and medial PFC-right angular gyrus
FC (Z(46)¼ 3.12, P< 0.05 FWE corrected; 18 voxels).

Whole-brain functional connectivity

Using the 400 most discriminating functional connections, the
linear support vector machine classifier achieved a generaliza-
tion rate of 92%, sensitivity of 96% and specificity of 88%. The
permutation distribution of the generalization rate indicated
that the classifier learned the relationship between the data
and the labels with a probability of being wrong of less than
0.0001 (Figure 2A).

The majority of the highly discriminating functional connec-
tions were diminished in remitted depressed patients compared
to controls (54.7%). The diameter of a sphere representing a re-
gion (i.e. region weight) was scaled by the corresponding num-
ber of occurrence of this region in the highly discriminating
functional connections. Among the regions that exhibited
greater weights were mainly subcortical areas such as

Fig. 1. Correlations between self-reported rumination, assessed by CERQ, with

FC within the anterior DMN (A), with anterior DMN–posterior DMN FNC (B), or

with anterior DMN–DAN FNC (C) separately for the healthy control group (blue)

and MDD group (red).
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thalamus, and basal ganglia, but also cortical areas in the dorsal
ACC and PFC (Figure 2B).

T-tests revealed significantly reduced connections in remit-
ted depressed patients compared with healthy controls be-
tween the dorsal ACC and thalamus or basal ganglia (Figure 3).
A group by rumination interaction effect was present mainly in
regions within the DMN, the inferior frontal gyrus and visual
cortex areas (Figure 3).

Discussion

This study extends previous knowledge by showing that
healthy subjects and remitted depressed patients displayed dif-
ferent, i.e. opposite relationships between DMN FC and self-
reported rumination. Further, functional connectivity within
the anterior DMN was oppositely correlated to self-reported ru-
mination than FC between the anterior and posterior DMN as

well as between the anterior DMN and DAN. Finally, global
resting-state FC correctly classified 92% of the subjects into
their respective groups.

The observed dissociation of DMN FC between remitted
MDD and healthy individuals based on the level of rumination
is partly in line with previous literature. One study also reported
an association between self-reported rumination and increased
anterior-posterior DMN connectivity in healthy subjects, but
unlike our study, also a positive relationship between increased
rumination and increased anterior-posterior DMN connectivity
in acutely depressed patients (Berman et al., 2011). This latter
discrepancy could be attributed to differences between eyes-
open and eyes-closed resting conditions or to the fact that
Berman et al. concatenated short “rest” periods of some seconds
between task blocks instead of using a standard resting-state
session. Considering the resting-state literature in depressive
patients, our results are quite consistent with previous findings,

Table 2. Stepwise hierarchical regression analysis predicting FC within the anterior DMN (n¼50)

Coefficients Model summary ANOVA

b t P-value DR2 DF Dp Total R2 (adj) F P-value

Step 1
Group 0.27 1.94 0.058 0.073 3.77 0.058 0.054 3.77 0.058

Step 2
Group 0.31 2.08 0.043
CERQ Rumination 0.12 0.78 0.440 0.012 0.60 0.440 0.046 2.17 0.125

Step 3
Group 0.26 1.88 0.066
CERQ Rumination �0.04 �0.27 0.784
Group by rumination interaction term �0.43 �3.16 0.003 0.164 10.02 0.003 0.199 5.07 0.004

Table 3. Stepwise hierarchical regression analysis predicting FC between the anterior DMN and the posterior DMN (n¼ 50)

Coefficients Model summary ANOVA

b t P-value DR2 DF Dp Total R2 (adj) F P-value

Step 1
Group �0.06 �0.44 0.663 0.004 0.19 0.663 �0.017 0.19 0.663

Step 2
Group �0.11 �0.71 0.480
CERQ rumination �0.13 �0.90 0.371 0.017 0.81 0.371 �0.021 0.50 0.608

Step 3
Group �0.06 �0.39 0.696
CERQ rumination 0.02 0.16 0.870
Group by rumination interaction term 0.45 3.22 0.002 0.180 10.36 0.002 0.149 3.86 0.015

Table 4. Stepwise hierarchical regression analysis predicting FC between the anterior DMN and DAN (n¼ 50).

Coefficients Model summary ANOVA

b t P-value DR2 DF Dp Total R2 (adj) F P-value

Step 1
Group 0.16 1.13 0.262 0.026 1.28 0.262 0.026 1.29 0.262

Step 2
Group 0.19 1.24 0.220
CERQ Rumination �0.08 �0.54 0.586 0.006 0.3 0.586 0.032 0.78 0.462

Step 3
Group 0.13 0.97 0.333
CERQ Rumination 0.07 0.48 0.634
Group by rumination interaction term 0.43 3.06 0.004 0.163 9.34 0.004 0.143 3.73 0.018
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showing lower anterior-posterior DMN resting-state FC in de-
pressive patients compared with healthy controls (Zhu et al.,
2012; Connolly et al., 2013).

This study revealed a second dissociation between the an-
terior DMN and the anterior–posterior DMN FC based on the lev-
els of rumination. The functional roles of the anterior and the
posterior DMN differ substantially (Gusnard et al., 2001;
Northoff, 2007; Schmitz and Johnson, 2007; Andrews-Hanna
et al., 2010) and medial PFC and ventral ACC are key brain re-
gions involved in the pathophysiology of depression (Northoff,
2007; Drevets et al., 2008a; Lemogne et al., 2009Whitfield-Gabrieli
and Ford, 2012). A recent ICA study showed increased resting-
state FC in the anterior DMN and decreased FC in the posterior
DMN in first-episode, medication-naı̈ve MDD patients com-
pared with healthy controls (Zhu et al., 2012). Despite the ab-
sence of group differences in our remitted MDD group, both
studies demonstrated a positive correlation between rumin-
ation and anterior DMN FC in the depression group consistent
with the role of medial PFC and ventral ACC in self-referential
processing and rumination (Drevets et al., 2008b; Johnson et al.,
2009; Lemogne et al., 2009).

The classification of the subjects based on their global FC
patterns showed that not only acutely depressed patients (Zeng
et al., 2012) but also remitted patients can be reliably distin-
guished from healthy controls upon these global FC patterns.
However, unlike acutely depressed patients, showing robust re-
duction in whole-brain FC (Berman et al., 2014), remitted MDD

patients in our study displayed decreased FC in only 54.7% of
the discriminating connections in different networks compared
to healthy controls. Relating results from the whole-brain FC
with the network-based analysis, we observed converging find-
ings: As the network-based analysis, the whole-brain FC ana-
lysis showed no group differences in the DMN, but a significant
group by rumination interaction effect within the DMN.

Previous evidence has shown that the content of ruminative
thought and the type of rumination may differ among de-
pressed and never depressed individuals (Treynor et al., 2003;
Nolen-Hoeksema et al., 2008). We thus posit that the group by
rumination interaction effects on DMN FC may reflect the differ-
ent intensity and/or type of rumination in remitted MDD

Fig. 2. (A) Permutation distribution of the generalization rate after random per-

mutation of the class labels (10000 times). The actual generalization rate indi-

cates that the classifier learned to discriminate between the two groups

(p<.0001). (B) Three-dimensional visualization of the 100 most discriminating

functional connections predicting group classification. The plotted lines repre-

sent abnormally increased (red) or decreased (blue) connectivity in MDD

patients. The nodes are color-coded by affiliation to different networks and the

region weight is reflected on the size of the nodes.

Fig. 3. Circle graphs depicting the functional connections that exhibited signifi-

cant group effects (A) or group by rumination interaction effects (B) in the whole

brain. Positive connections (red) represent increased functional connectivity in

healthy controls compared to patients (A) or positive correlation between con-

nectivity and rumination in the healthy group and negative in the patient group

(B). Blue lines represent the opposite effects.

1798 | Social Cognitive and Affective Neuroscience, 2016, Vol. 11, No. 11

Deleted Text: to 
Deleted Text: ; Zhu <italic>et<?A3B2 show $146#?>al.</italic>, 2012
Deleted Text: e present 
Deleted Text: -
Deleted Text: ; Gusnard <italic>et<?A3B2 show $146#?>al.</italic>, 2001; <xref ref-type=
Deleted Text: ; <xref ref-type=
Deleted Text: to 
Deleted Text: ,
Deleted Text: ; Treynor <italic>et<?A3B2 show $146#?>al.</italic>, 2003


patients compared with healthy controls during resting-state.
In this framework, the observed pattern of FC in healthy rumin-
ators characterized by low connectivity within the anterior
DMN and strong interactions between the anterior DMN and the
posterior DMN or DAN may reflect an adaptive form of rumin-
ation that is associated with lower levels of depressive symp-
toms (Treynor et al., 2003). The opposite pattern of DMN FC was
associated with increased levels of rumination in remitted MDD
patients and may underlie a maladaptive type of rumination
(i.e. brooding) that focuses on negative thoughts (Joormann
et al., 2006). In line with this view, the authors of a recent meta-
analysis of resting-state studies in MDD concluded that the ab-
normal FC between the subgenual ACC and the DMN rather
than the abnormal DMN activity reflects negative rumination
and interrupts the healthy self-referential processing supported
by the core DMN structures (Hamilton et al., 2015). However, this
hypothesis should be viewed with caution as the rumination
subscale of the CERQ questionnaire cannot distinguish between
adaptive and maladaptive forms of rumination. Future studies
are warranted to clarify the relationship between the different
types of rumination and DMN FC in symptomatic and remitted
depressed patients.

Unlike a number of resting-state studies that showed abnor-
mal DMN FC in depression (Zhu et al., 2012; Kaiser et al., 2015),
we failed to observe robust group differences in DMN connectiv-
ity. This discrepancy suggests that DMN abnormal FC may be
state dependent and may be present only in symptomatic pa-
tients. Interestingly, an ICA study showed increased resting-
state FC in the anterior DMN and decreased FC in the posterior
DMN in acutely depressed patients (Zhu et al., 2012). This pat-
tern of abnormal DMN FC in acutely MDD patients is similar to
the FC pattern observed in remitted MDD patients with
increased tendency to ruminate and is consistent with the view
that rumination is a cognitive vulnerability factor for depression
relapse (Kuehner and Weber, 1999; Nolen-Hoeksema et al., 2008;
Michalak et al., 2011). In light of this evidence and given that
remitted MDD patients display higher level of self-reported ru-
mination, the pattern of DMN in remitted depressed ruminators
might underlie increased risk for depression relapse. This argu-
ment should be viewed within the framework of a recently pro-
posed model postulating that the functional imbalance between
the DMN and cognitive control networks in depressed individ-
uals may constitute a neurobiological risk factor for recurrent
depression mediated by cognitive deficits such as increased ru-
mination (Hamilton et al., 2011; Marchetti et al., 2012). The iden-
tification of such neurobiological marker is important for
several reasons: first, they are more objective than self-report
measures as they are not dependent on the level of introspec-
tion. Second, such neurobiological markers might be identified
even before manifestation of the relevant symptoms (here ru-
mination) and third, neurobiological measures (e.g. resting state
FC patterns) might be suitable to validate effects observed in
self-report studies, thereby supporting the utility of such meas-
ures. Nonetheless, longitudinal studies that include records of
depression relapse are warranted to further investigate this hy-
pothesis. Confirmation of this hypothesis would provide oppor-
tunities for the development of novel objective diagnostic
biomarkers that could track the vulnerability to depression re-
lapse and could provide novel neural targets for treatment.

A strength of this study lies in the use of different methodol-
ogies (i.e. ICA, seed-based, whole-brain analysis) and the differ-
ent measures of FC (i.e. FNC or within-network connectivity).
We showed that FNC analysis and seed-based analysis can
equally well detect relationships between behavioral measures

(e.g. rumination) and long-distance FC patterns. Moreover, by
performing two different ICAs, we were able to show that FC in
the DMN as a whole may differ substantially from FC in the sub-
components of the DMN. This distinction is very important for
the interpretation of the results and is often neglected in studies
investigating the DMN.

The medication status of the patients may limit the inter-
pretation of the present findings. Twelve patients were receiv-
ing pharmacological treatment at the time of the experiment
and the rest of them were medicated in the past. Although we
found no confounding medication effect in the present analysis,
it has been shown that medication can normalize abnormal ac-
tivity and FC in DMN and cognitive control areas in MDD (Ma,
2015).

In conclusion, we have demonstrated a dissociation of DMN
FC in remitted MDD patients and healthy individuals based on
the levels of rumination. This dissociation provides indirect evi-
dence for a potential underlying neural mechanism reflecting
increased risk for disease relapse in remitted MDD patients.
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Supplementary data are available at SCAN online.
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