Neuropsychopharmacology (2016) 41, 1822–1830
© 2016 American College of Neuropsychopharmacology. All rights reserved 0893-133X/16
www.neuropsychopharmacology.org

Dynamic Resting-State Functional Connectivity in Major
Depression
Roselinde H Kaiser*,1, Susan Whitfield-Gabrieli2, Daniel G Dillon1, Franziska Goer1, Miranda Beltzer1,
Jared Minkel3,4, Moria Smoski3, Gabriel Dichter4 and Diego A Pizzagalli*,1
1

Department of Psychiatry, Harvard Medical School, and Center for Depression, Anxiety and Stress Research, McLean Hospital, Belmont, MA,
USA; 2Department of Brain and Cognitive Sciences, Massachusetts Institute of Technology, Cambridge, MA, USA; 3Department of Psychiatry and
Behavioral Sciences, Duke University Medical Center, Durham, NC, USA; 4Department of Psychiatry, University of North Carolina at Chapel Hill
School of Medicine, Chapel Hill, NC, USA

Major depressive disorder (MDD) is characterized by abnormal resting-state functional connectivity (RSFC), especially in medial prefrontal
cortical (MPFC) regions of the default network. However, prior research in MDD has not examined dynamic changes in functional
connectivity as networks form, interact, and dissolve over time. We compared unmedicated individuals with MDD (n = 100) to control
participants (n = 109) on dynamic RSFC (operationalized as SD in RSFC over a series of sliding windows) of an MPFC seed region during a
resting-state functional magnetic resonance imaging scan. Among participants with MDD, we also investigated the relationship between
symptom severity and RSFC. Secondary analyses probed the association between dynamic RSFC and rumination. Results showed that
individuals with MDD were characterized by decreased dynamic (less variable) RSFC between MPFC and regions of parahippocampal
gyrus within the default network, a pattern related to sustained positive connectivity between these regions across sliding windows. In
contrast, the MDD group exhibited increased dynamic (more variable) RSFC between MPFC and regions of insula, and higher severity of
depression was related to increased dynamic RSFC between MPFC and dorsolateral prefrontal cortex. These patterns of highly variable
RSFC were related to greater frequency of strong positive and negative correlations in activity across sliding windows. Secondary analyses
indicated that increased dynamic RSFC between MPFC and insula was related to higher levels of recent rumination. These findings provide
initial evidence that depression, and ruminative thinking in depression, are related to abnormal patterns of fluctuating communication
among brain systems involved in regulating attention and self-referential thinking.
Neuropsychopharmacology (2016) 41, 1822–1830; doi:10.1038/npp.2015.352; published online 23 December 2015

INTRODUCTION
Major depressive disorder (MDD) is a debilitating psychiatric illness that affects one in six people (Kessler et al, 2012),
and is a leading cause of mortality worldwide (Ferrari et al,
2013). People suffering from MDD exhibit abnormal
communication among brain systems (Kaiser et al, 2015),
especially in midline and temporal areas of the default
network that are recruited together for self-referential and
internally-directed attention (Andrews-Hanna et al, 2014).
Theoretical models of depression point to such aberrations
as key to the cognitive and emotional dysfunctions of MDD
(Marchetti et al, 2012; Whitfield-Gabrieli and Ford, 2012),
and propose that disrupted brain communication is central
to the pathophysiology of the disorder.
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One method for examining brain communication is
through the analysis of resting-state functional connectivity
(RSFC), measured as correlations in the activity of discrete
brain regions during rest (Biswal et al, 1995). A number of
studies have examined static RSFC, or dimensions of brain
communication that are relatively stable over time, by
extracting overall functional connectivity across an extended
period of rest. However, an emerging area of study is
dynamic RSFC (Hutchison et al, 2013a), or dimensions of
brain communication that change over time, which can be
investigated by measuring variability in the strength or
spatial organization of functional connectivity among brain
regions. Much remains unknown about the neurocognitive
significance of dynamic RSFC, but early work suggests that
changes in functional connectivity can be related to changes
in vigilance (Thompson et al, 2013), arousal (Chang et al,
2013a), or emotional state (Cribben et al, 2012), and emerge
across species and states of consciousness (Hutchison et al,
2013b). Critically, the magnitude of RSFC variability appears
to be a reliable property that depends in part on functional
relationships between neural systems (Hutchison et al,
2013a). Brain regions with common functions (eg, bilateral
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homologues or brain regions within prototypical (static)
functional networks) tend to show lower dynamic RSFC with
one another (Meunier et al, 2009; Shen et al, 2015;
Supplementary Figure S1). Regions that are broadly involved
in higher-order regulatory functions (eg, prefrontal cortical
areas) show higher dynamic RSFC, a pattern that may relate
to flexible coupling of regulatory systems with other brain
networks either at rest or in the service of goal-directed
processing (Bray et al, 2015; Gonzalez-Castillo et al, 2014).
Thus, an updated view of RSFC integrates both static
and dynamic components: the static component represents
stable dimensions of overall RSFC, and the dynamic
component represents the processes by which networks
and subnetworks coalesce and dissolve over time, or crosstalk between networks.
The investigation of dynamic RSFC may provide new
insights into abnormal brain communication in MDD.
Previous research conducted with individuals with schizophrenia (Ma et al, 2014), Alzheimer’s disorder (Jones et al,
2012), or bipolar disorder (Rashid et al, 2014), revealed
altered dynamic RSFC in these patient populations. For
example, compared to healthy controls, patients with
schizophrenia exhibited decreased variability over time in
the spatial configuration of the default network, but
increased variability in the coordinated activity of frontoparietal and temporal regions (Ma et al, 2014). Patients with
Alzheimer’s disorder showed more persistent activity and
functional connectivity among anterior regions of the
default network, eg, medial prefrontal cortex (MPFC), than
age-matched controls (Jones et al, 2012). Although dynamic
RSFC is an emerging area in psychiatry, these studies suggest
that altered dynamic RSFC, particularly in areas of the
default network, may be an important dimension of the
pathophysiology of psychiatric illnesses.
The nature of dynamic RSFC that characterizes MDD may
be complex, and depend on functional relationships between
brain systems. A recent meta-analysis of static RSFC in
depression revealed increased RSFC among regions of the
default network, especially in MPFC (Kaiser et al, 2015).
Amplified static RSFC among default network regions may
be accompanied by decreased dynamic RSFC, perhaps
together reflecting the habit of inflexible, sustained
attention to self-referential thoughts that is central to
depressive rumination. The meta-analysis also showed that
depressed individuals exhibited abnormal static RSFC
between regions of the default network and areas of
prefrontal cortex or insula believed to regulate attention
on the basis of abstract goals or salient events ((Kaiser et al,
2015; Menon and Uddin, 2010; Nelson et al, 2010; Zanto and
Gazzaley, 2013), but see Craig (2009) or Gasquoine (2014)
for other perspectives on insular functioning, and see Chang
et al (2013b) for discussion of functional subregions of
insula). Empirical findings converge with this meta-analytic
result, showing that depression was related to larger
increases in functional connectivity between areas of the
default network and prefrontal systems in response to
emotionally negative distractors (Kaiser et al, 2014).
Collectively, this meta-analytic and empirical work suggests
that the pathophysiology of MDD may include increased
dynamic RSFC between midline (default network) and
prefrontal or insular (regulatory) systems. Such increased
dynamic RSFC could be related to depressive rumination

as well, eg, may reflect a tendency for intrusive,
self-focused thoughts to distract attention from goals. In
sum, evidence for abnormal dynamic RSFC may be
consistent with evidence for depression-related changes in
static RSFC, but would provide a nuanced view of temporal
qualities of brain network communication that complements
previous work.
To examine dynamic RSFC in depression, we tested two
hypotheses in a sample of unmedicated adults with MDD
and non-psychiatric control participants. First, we predicted
that in comparison to control participants, individuals with
MDD would exhibit decreased RSFC variability between
MPFC, a hub of the default network, and other regions of the
default network. Second, we predicted that individuals with
MDD would show amplified RSFC variability between
MPFC and regulatory systems, eg, areas of insula putatively
involved in allocating resources toward or away from the
default network (Sridharan et al, 2008). To examine
depression from a dimensional perspective, we also investigated dynamic MPFC connectivity as a function of
depressive symptom severity within the MDD group.
Secondary analyses conducted in a subsample of participants
(who completed measures of recent rumination) tested the
hypothesis that higher levels of rumination would be
associated with altered dynamic RSFC in regions implicated
by depression.

MATERIALS AND METHODS
Participants
Participants were unmedicated depressed adults (MDD
group, n = 100, age 19–63, M = 31.30 years, and 61.00%
female) who met DSM-IV-TR criteria for current MDD and
healthy controls (control group, n = 109, age 18–64,
M = 31.54 years, and 62.39% female). Participants were
recruited at three research sites (McLean Hospital, Harvard
University, and Duke University/University of North
Carolina at Chapel Hill) and gave written informed consent
approved by each site’s Institutional Review Board. For
all analyses, dummy-coded covariates for each site were
included to control for potential confounding effects of
scanner, scanning protocol, or sample characteristics
(Supplementary Tables S1 and S2). Portions of data
collected at Duke/UNC have been reported in a recent
publication testing static resting-state predictors of treatment
response (Crowther et al, 2015); data from the McLean and
Harvard sites have not been published before. Psychiatric
history was assessed with the Structured Clinical Interview
for DSM-IV-TR Axis I Disorders. Exclusion criteria for the
MDD group included symptoms of psychosis or mania;
other comorbid axis I disorders were permitted if secondary
to the MDD diagnosis (see Supplementary Table S1 for
demographics and clinical characteristics). Exclusion
criteria for the control group included any major lifetime
axis I disorders. Controlling for current or previous
psychiatric diagnosis co-occurring with MDD (eg, anxiety)
failed to affect statistical findings. For both groups,
participants reporting a history of head injury, neurological
disorders, major medial illnesses, or current pregnancy were
excluded.
Neuropsychopharmacology
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Procedure
Imaging procedure. See Supplementary Table S2 for details
on data acquisition. Participants completed an eyes-open
resting functional MRI scan of 5.0 min (Duke/UNC) to
6.2 min (McLean, Harvard). A high-resolution T1-weighted
anatomical image was acquired prior to functional scanning
for the purpose of normalization and coregistration of
functional data.
Depressive symptoms. Severity of depression was assessed
using the Beck Depression Inventory, Second Edition (BDI-II;
Beck et al, 1996). Scores were mean-deviated by subtracting
the average BDI-II score from each individual score.
Rumination. At the Duke/UNC site only, rumination was
assessed using the Behavioral Activation for DepressionAvoidance Subscale (BADS-AV; Kanter et al, 2007). This
self-report scale provides a measure of recent (past two
weeks) rumination. Scores were mean-deviated by subtracting the average BADS-AV score from each individual score.
Analysis of fMRI Data
General image preprocessing. The first 6 s of each
participant’s functional data were discarded to allow for
stabilization of the magnetic field. Functional data were preprocessed in SPM8 (http://www.fil.ion.ucl.ac.uk/spm/soft
ware/spm8/), using the standard spatial preprocessing steps
of slice-time correction, realignment, normalization in
Montreal Neurological Institute (MNI) space, and smoothing
with a 6-mm kernel.
Head motion and artifact detection. Head motion was
assessed by translation and rotation in x, y, and z directions
using SPM8. For each participant, time points of significant
head motion or fluctuations in the magnetic field (41 mm
motion from previous frame, global mean intensity 43 SD
from mean intensity across functional scans) were calculated
using Artifact Detection Tools (ART, www.nitrc.org/pro
jects/artifact_detect/). There were no differences between
groups or sites in number of outlier volumes (Supplementary
Table S2). Outlier images were modeled in the first-level
general linear model (as one vector per outlier time point,
each containing 1 for the corresponding outlier and 0 s for all
other time points) to remove the influence of these time
points on estimates of functional connectivity while maintaining the temporal structure of the data. Also modeled in
the first-level model were residual head motion parameters
(three translation and three rotation parameters, plus one
composite motion parameter reflecting the maximum scanto-scan movement) and their first-order derivatives. There
were no differences between groups or sites in estimates of
composite motion or framewise displacement.
Functional connectivity analysis. Voxelwise seed-based
functional connectivity analyses were performed using the
CONN
toolbox
(https://www.nitrc.org/projects/conn/;
Whitfield-Gabrieli and Nieto-Castanon, 2012) and in-house
scripts written in Matlab (Mathworks, Natick, MA). The
seed region of interest (ROI) was based on a bilateral
medial prefrontal region that exhibited depression-related
Neuropsychopharmacology

abnormalities in RSFC in a recent meta-analysis of data
(non-overlapping with the present study) from 556
individuals with MDD and 518 healthy controls (Kaiser
et al, 2015). The seed ROI was a mask created from results of
the meta-analysis, gray-matter-masked to restrict seeds to
cortex, and falls within the default network (Yeo et al, 2011).
Physiological and other sources of noise were estimated
and regressed out using CompCor (Behzadi et al, 2007), a
method that performs principal component analysis to
estimate the physiological noise from white matter and
cerebrospinal fluid for each participant. Next, a temporal
band-pass filter of 0.0278–0.10 Hz was applied to the time
series. This range was selected to remove high-frequency
activity related to cardiac and respiratory activity (Cordes
et al, 2001), and low-frequency activity with a period that
exceeds the duration of sliding windows used in dynamic
analyses (Leonardi and Van De Ville, 2015). In sum,
detrending, outlier censoring, motion regression, and
CompCor correction were performed simultaneously in a
single first-level regression model, followed by band-pass
filtering. These corrections yielded a residual BOLD time
course at each voxel that was used for subsequent analyses.

Dynamic analyses. For first-level dynamic analyses, the
time course was segmented into 36-s windows (see
recommendation by Leonardi and Van De Ville, 2015),
sliding the onset of each window by 18 s, for a total of 15–19
windows (depending on length of the functional scan).
The duration of sliding windows was selected to optimize
the balance between capturing rapidly shifting dynamic
relationships (with shorter windows) and achieving reliable
estimates of the correlated activity between regions (with
longer windows; Leonardi and Van De Ville, 2015). Next, the
Fisher’s z-transformed Pearson’s correlation coefficient was
computed for each sliding window between the truncated
time course of the seed and that of all other voxels, yielding a
set of sliding-window beta maps for each participant.
Dynamic connectivity was estimated by calculating the SD
in beta values at each voxel.
Group-level dynamic analyses were conducted by entering
first-level dynamic maps into a whole-brain regression
analysis and performing group-level statistics on the SD in
beta values at each voxel. To test the hypotheses that
the MDD group and the control group differed on
dynamic RSFC of MPFC, a t-test was performed at each
voxel. Correlation analyses to examine the relationship
between severity of depression and dynamic RSFC were
conducted within the MDD group by performing a
correlation between mean-deviated BDI-II scores and
dynamic connectivity at each voxel. Group-level effects were
considered significant if they exceeded a peak amplitude of
po0.01 (two-sided), cluster corrected within a gray matter
brain mask to false discovery rate of po0.05 (see
Supplementary Table S3 for a summary of dynamic analytic
methods). Analyses were also repeated including age, sex,
co-occurring psychiatric diagnosis, and number of outlier
images as group-level covariates; because controlling for
these variables did not affect results, simple analyses (with
site covariates, only) are reported.
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Secondary Analyses

RESULTS

Descriptive statistics for window-by-window RSFC. To
clarify the underlying patterns of RSFC across sliding
windows that contributed to significant group-level effects,
we computed descriptive statistics to examine the frequency
of positive or negative correlations between the seed ROI and
the region of effect. Specifically, for each participant, we
calculated the proportion of windows in which (Fisher’s
z-transformed Pearson) correlations between the seed ROI
and the region of effect fell within particular ranges: high
negative (zo − 0.5), moderate negative (−0.5pzo 0.25),
low/uncorrelated (−0.25pzp0.25), moderate positive
(0.25ozp0.5), and high positive (z40.5). Next, we
computed the average proportion of windows in which
RSFC fell within each range for the MDD group and the
control group, and correlated BDI-II scores with the
proportion of windows in each range of RSFC.

Our findings indicate that, consistent with predictions,
depression was related to decreased dynamic (less variable)
RSFC between MPFC and other regions of the prototypical
default network, but increased dynamic (more variable)
RSFC between MPFC and regions of insula and lateral
prefrontal cortex.
Compared with the control group, the MDD group exhibited
decreased dynamic RSFC between MPFC and regions of
parahippocampal gyrus (PHG; Figure 1a and b; Table 1).
Secondary analyses showed that invariable connectivity
between MPFC and PHG was related to decreased frequency
of windows in which activity was uncorrelated, ie, for
depressed participants, positive connectivity rarely dissolved
between these regions (Figure 1c; Supplementary Figure S2A).
Relative to the control group, the MDD group also showed
higher dynamic RSFC between MPFC and a region of right
insula (Figure 1d and e; Table 1). This pattern of hypervariability in MDD was related to more frequent windows of highly
correlated activity (positive or negative correlations) between
MPFC and insula (Figure 1f; Supplementary Figure S2B).
Next, we performed analyses to test the association
between severity of depression and dynamic RSFC within
the MDD group. Results showed that higher severity of
depression was associated with more variable connectivity
between MPFC and dorsolateral prefrontal cortex (DLPFC)
(Figure 2a and b; Table 1), a pattern related to greater
frequency of sliding windows in which activity in these
regions was highly correlated (positive or negative correlations; Figure 2c; Supplementary Figure S2C).
No differences were observed between research sites in
these analyses (Supplementary Figure S3).
We performed secondary regression analyses to explore
the relationship between rumination and dynamic RSFC in
the regions implicated by primary analyses, ie, PHG
(Figure 3a), insula (Figure 3b), and DLPFC (Figure 3c).
Results revealed a significant interaction between recent
rumination and group in predicting dynamic RSFC between
MPFC and insula, F(1,38) = 4.76, p = 0.03. Specifically, higher levels of recent rumination were associated with increased
dynamic RSFC for individuals with MDD, F(1,21) = 7.91,
p = 0.01, but not among control participants, F(1,17) = 1.56,
p = 0.23. Regression analyses did not yield significant effects
of recent rumination on dynamic RSFC between MPFC and
either the PHG or DLPFC, ps40.1.
Finally, we performed whole-brain static RSFC analyses
using the same MPFC seed. These analyses failed to reveal
significant effects at thresholds selected for primary analyses,
but at a lower peak threshold (po0.05, two-tailed, FDR
po0.05, a threshold which meets the premise of random
field theory but detects larger clusters of lower-magnitude
effects (Friston et al, 1996)); higher depression severity was
associated with higher static RSFC between MPFC and areas
of dorsal posterior cingulate (Supplementary Figure S4;
Supplementary Table S4). No group differences in static
RSFC between MDD and control participants were detected
at either peak threshold.

Analyses to examine recent rumination and dynamic
RSFC. We conducted analyses to explore the association
between recent rumination and dynamic RSFC in regions
implicated by depression. To accomplish this, we extracted
dynamic RSFC values from each cluster of significant effect
from primary analyses and performed multiple regressions
to test direct and interactive effects of BADS-AV on dynamic
RSFC. Because depression factors (group, or BDI-II) were
used to define clusters of abnormal dynamic RSFC, it was
important to include appropriate depression factors in each
regression to avoid circularity (Vul et al, 2009). Therefore,
rumination analyses were performed as follows. In regression analyses secondary to whole-brain group contrasts,
group (contrast coded as MDD = +1, control = − 1), rumination (mean-deviated BADS-AV), and the interaction of these
variables were regressed on dynamic RSFC extracted from
clusters implicated by group t-tests. If a significant interaction between rumination and group was detected, simple
regressions were performed within the MDD group and the
control group using BADS-AV to predict dynamic RSFC.
In regression analyses secondary to whole-brain correlation analyses, depression severity (BDI-II), rumination
(BADS-AV), and the interaction of these variables were
regressed on dynamic RSFC extracted from clusters implicated by correlation analyses. Outlier checks were
performed by calculating Cook’s D (Cook, 1977) and
excluding observations that had undue influence according
to the standard threshold (Cook’s D44/n; Bollen and
Jackman, 1985); this approach resulted in no more than
three observations excluded from any regression.
Static analyses. To determine whether dynamic RSFC and
static RSFC provide overlapping or complementary information, we also performed whole-brain static analyses. For firstlevel static analyses, the Fisher’s z-transformed Pearson’s
correlation coefficient was computed between the full time
course of the MPFC seed and the time course of all other
voxels. Group-level static RSFC analyses were performed by
entering first-level static maps into a whole-brain regression
analysis and performing group-level t-tests (between the
MDD group and the control group) or correlations (with
BDI-II scores) at each voxel.
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DISCUSSION

Figure 1 Dynamic resting-state functional connectivity of medial
prefrontal cortex (MPFC) in unmedicated individuals with major
depressive disorder (MDD) compared with healthy controls (HC).
(a) Compared to the HC group (n = 109), the MDD group (n = 100)
exhibited decreased dynamic functional connectivity between a
seed region of interest (ROI) in MPFC and regions of parahippocampal
gyrus (PHG). (b) Average dynamic functional connectivity (SD in Fisher’s
z-transformed Pearson’s correlations across a series of sliding windows) in
the PHG for each group. (c) To illustrate window-by-window patterns of
functional connectivity, displayed are MPFC-PHG functional connectivity
values (Fisher’s z-transformed Pearson’s correlations) for each of the 19
sliding windows, for a single subject in the MDD group and a single subject
in the HC group. (d) In comparison to the HC group, the MDD group also
had increased dynamic functional connectivity between MPFC and
reas of insula. (e) Average dynamic functional connectivity in the insula
for each group. (f) To illustrate window-by-window patterns of
functional connectivity, shown are MPFC-insula functional connectivity
values for each of the 19 sliding windows, for a single subject in the MDD
group and a single subject in the HC group. Note: group differences
(MDD − HC) are significant at peak amplitude po0.01, two-tailed t-test,
FDR po0.05.

Neuropsychopharmacology

This study provides evidence of abnormal dynamic RSFC in
MDD and at higher levels of self-reported depression
severity. Previous studies have linked MDD to disrupted
static RSFC, especially among regions of the default network,
frontal regions involved in regulating activity in other neural
systems (Kaiser et al, 2015). The present results complement
this prior work by showing that MDD is characterized by
abnormal patterns of fluctuating functional connectivity in
overlapping regions. Here, depression was associated with
persistent RSFC among medial prefrontal and temporal
regions of the default network (Yeo et al, 2011), but more
variable and amplified RSFC between MPFC and anterior
insula or DLPFC.
One interpretation of the present findings is that abnormal
dynamic RSFC underlies the negative, dysregulated thinking
style that characterizes depression. The anterior insula is a
region believed to use salience information to guide allocation
of resources to other networks (Menon et al, 2010; Sridharan
et al, 2008). Of note, experimentally induced sadness has been
related to increases in the coordinated activity of insula and
medial frontal regions (Mayberg et al, 1999). Therefore,
highly variable MPFC-to-insula connectivity in depressed
individuals may signify increased sensitivity to salient
emotional or self-referential information that triggers rumination. In support of this idea, higher levels of recent rumination
were associated with increased variability in functional
connectivity between MPFC and insula for depressed
individuals. Invariable functional connectivity between MPFC
and PHG may also reflect self-focused thinking, as synchronized activity in these systems is believed to support
autobiographical memory or prospection (Andrews-Hanna
et al, 2010). Although persistent RSFC between MPFC and
PHG was not related to recent rumination, it may be related to
a trait tendency to dwell on past negative events. Finally,
highly variable MPFC-to-DLPFC connectivity may signify
weaknesses in brain circuits responsible for cognitive control
(Banich et al, 2000; MacDonald et al, 2000), and could be
related to depressive deficits in executive functioning such as
difficulty inhibiting emotional distraction. These interpretations, however, are speculative, and evidence presented here
for a relationship between rumination and dynamic RSFC
should be viewed as preliminary because this relationship
could only be tested in a subsample of individuals (n = 45) at a
single site.
An important question is whether dynamic RSFC provides
unique information about communication among neural
systems beyond that provided by static RSFC. Greater
magnitude of static RSFC typically implies lower variability
in RSFC (Chang and Glover, 2010), hence these dimensions
of functional connectivity may usually have an inverse
relationship. However, group differences in overall correlated
activity may occur despite similar levels of variability, just as
distinct profiles of variability may be present in different
groups but overall correlations appear the same. Here,
unique regions of the prototypical default network were
implicated by depression in dynamic vs static analyses, and
depression-related changes in dynamic (but not static) RSFC
were observed between MPFC and brain regions that fall
outside the default network. Together, this suggests that
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Table 1 Dynamic Resting-State Functional Connectivity of Medial Prefrontal Cortex
Peak coord

Peak t

Vol

Dynamic FC of cluster
MDD

MDD compared with HC

x, y, z

t

#vx

M

HC
SD

M

SD

Insula

32, − 4, − 2

3.91

101

0.42

0.06

0.37

0.05

PHG

22, − 28, − 20

− 4.69

87

0.37

0.06

0.41

0.06

MDD
r

Correlation with BDI-II
DLPFC

50, 28, 10

4.31

132

0.21

Abbreviations: BDI-II, Beck Depression Inventory, Second Edition; coord, coordinates in MNI standard stereotaxic space; DLPFC, dorsolateral prefrontal cortex; FC,
functional connectivity; HC, healthy control; MDD, major depressive disorder; vol, volume of cluster of significant effect in voxels; vx, number of 1 × 1 ×1 mm voxels.
Thresholding was set to po0.01 (two-tailed) peak amplitude of effect, cluster corrected to a false discovery rate of po0.05. Dynamic FC was assessed by SD in Fisher’s
z-transformed Pearson’s correlations across sliding windows.

Figure 2 Dynamic resting-state functional connectivity of medial
prefrontal cortex (MPFC) as a function of depressive symptom severity.
(a) For depressed individuals (n = 97; three participants did not fill out the
Beck Depression Inventory, Second Ed (BDI-II)), higher scores on the BDI-II
were associated with amplified dynamic functional connectivity between a
seed region of interest (ROI) in MPFC and areas of dorsolateral prefrontal
cortex (DLPFC). (b) Correlation between BDI-II and dynamic functional
connectivity (SD in Fisher’s z-transformed Pearson’s correlations across a
series of sliding windows). (c) To illustrate window-by-window patterns of
functional connectivity, displayed are MPFC-DLPFC functional connectivity
values (Fisher’s z-transformed Pearson’s correlation) for each of the 19
sliding windows, for a single major depressive disorder (MDD) subject
reporting high severity depression (BDI-II = 53) and a single MDD subject
reporting low severity depression (BDI-II = 8). Note: correlations with BDI-II
are significant at peak amplitude po0.01, two-tailed t-test, FDR po0.05.

static and dynamic methods can provide complementary
information about brain communication in depression.
The present study has some limitations. First, as noted
previously, much is unknown about what dynamic RSFC
represents in terms of neurocognitive functioning.
For example, it remains unknown to what extent abnormalities in RSFC are intrinsic properties, or are influenced by
in-the-moment cognitive activities (for discussion of the
putative physiological underpinnings of RSFC and clinical
implications see Buckner et al (2013); Hutchison
et al (2013b); Kaiser et al (2014)). As the field of
dynamic RSFC grows, we may gain a better understanding
of how these properties of brain functioning relate to
cognitive activities and psychopathology. More generally, in
light of the novelty of this analytic approach, it will be
important to replicate the present findings in an independent
sample.
Second, the present study focused on identifying brain
regions that showed abnormal variability in RSFC in MDD,
but it may be useful to combine this analytic approach with
other neurobiological methods to gain a more complete
view of the pathophysiology of MDD. For example, other
techniques for examining dynamic RSFC (Allen et al, 2014;
Rashid et al, 2014) may be applied in conjunction with the
present approach to explore variability in both magnitude
and spatial extent of RSFC. Alternately, comparing
structural and functional measures may provide insight into
the relationships between functional connectivity and
volumetric abnormalities in depression (van Tol et al,
2014). Studies that collect data in several modalities may
illuminate the complex nature of brain communication in
depression.
Third, although we adopted both categorical (presence vs
absence of MDD) and dimensional (severity of depression)
perspectives on depression, additional qualities of depressive
illness may be important. MDD is a heterogeneous disorder,
and unique patterns of abnormal dynamic connectivity may
Neuropsychopharmacology
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Figure 3 Rumination and dynamic resting-state functional connectivity of medial prefrontal cortex (MPFC). Multiple regression was used to investigate the
relationship between rumination and dynamic resting-state functional connectivity between MPFC and regions implicated by the group contrast of participants
with major depressive disorder (MDD) vs healthy control (HC) participants (parahippocampal gyrus (PHG) or insula), or regions implicated by depressive
symptom severity as measured by the Beck Depression Inventory, Second Ed (BDI-II; dorsolateral prefrontal cortex (DLPFC)). Analyses were performed in a
subset of the sample (n = 45) who completed a self-report measure of recent rumination, the Behavioral Activation for Depression-Avoidance subscale
(BADS-AV) at the Duke/UNC site. (a) Group (MDD coded as +1; HC coded as − 1), recent rumination (mean-deviated BADS-AV), and the interaction
between these factors were regressed on dynamic resting-state functional connectivity values (SD in Fisher’s z-transformed Pearson’s correlations across a
series of sliding windows) extracted from PHG. No significant effects of rumination were detected. (b) Group, BADS-AV, and their interaction were regressed
on dynamic functional connectivity values extracted from insula. Results showed a significant interaction between group and rumination, and follow-up simple
regression analyses revealed that in the MDD group (but not the HC group), higher levels of recent rumination were associated with higher variability in
MPFC-to-insula functional connectivity (*po0.05). (c) Within the MDD group, BDI-II, BADS-AV, and their interaction, were regressed on dynamic functional
connectivity values extracted from DLPFC. No significant effects of rumination were detected. Note: in panel c, the MDD group is median-split on BDI-II
scores for display purposes, only. Analyses were performed using continuous measures.

emerge for different subtypes of MDD or stages of illness.
Furthermore, although the BDI-II and BADS-AV are wellvalidated measures of depression severity and recent rumination, respectively (Beck et al, 1996; Kanter et al, 2007), they
represent only one (self-report) facet of depression and
cognitive style. Future studies may capture additional dimensions of illness such as clinician-rated depression severity or
behavioral measures of emotion regulation.
Fourth, this cross-sectional study cannot address causal
associations between RSFC and MDD. For example, it could
be that erratic coordination among medial and lateral
prefrontal systems is a risk factor for deficits regulating
attention or mood, which in turn make an individual
vulnerable in developing depression. Alternately, it may be
that as negative thoughts repeatedly co-opt attention
systems, a pattern of more variable coupling between midline
and lateral prefrontal regions is established in the brain.
Future longitudinal studies may begin to parse such causal
relationships.
In conclusion, this resting-state study provides evidence
that the presence and severity of MDD is associated with
abnormal dynamic functional connectivity. Increased variability among prefrontal and insular regions may be related to
biased salience processing or interruptions to cognitive
control, whereas decreased variability among areas of the
default network may be associated with the persistence of
internally directed attention. These findings offer a new
perspective on RSFC in MDD, and suggest directions for
future research on fluctuating dynamic neural communication in mood disorders.
Neuropsychopharmacology
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Table S1. Demographic and Clinical Characteristics
Demographic Characteristics
McLean Hospital
MDD
HC
Age

s

Female
White
Meds

s

Harvard University
MDD
HC

Duke/UNC
MDD

HC

M

SD

M

SD

M

SD

M

SD

M

SD

M

SD

25.57

5.41

25.84

7.38

33.95

11.31

34.89

13.95

33.59

6.89

31.10

8.82

N

%

N

%

N

%

N

%

N

%

N

%

24/30
19/29
0/30

80.00
65.50
0

22/32
22/31
0/32

68.80
71.00
0

18/40
26/39
0/40

45.00
66.70
0

32/57
49/57
0/57

56.10
86.00
0

20/29
20/28
0/30

68.97
71.43
0

14/20
12/19
0/20

70.00
63.16
0

Depressive Symptoms and Rumination

BDI-IIg
BADS-AVg

McLean Hospital
MDD
HC
M
SD
M
SD
25.57
8.30
0.47
0.92

Harvard University
MDD
HC
M
SD
M
SD
23.78
8.97
1.40
2.03

Duke/UNC
MDD
M
26.41
27.88

HC

SD
8.80
7.67

M
1.05
3.45

SD
1.57
4.06

Clinical Diagnoses
McLean Hospital
MDD
HC
Current
MDDg
Past
MDDg
Current
Dysphoria
Past
Dysphoria
Current
Bipolar I/II
Past Bipolar
I/II
Current
Psychosis
Past
Psychosis
Current
Substance
Ab/Dep
Past
Substance
Ab/Depg
Current
Anxietys,g
Past
Anxietys,g
Current
PTSDg
Past
PTSDg

	
  

Harvard University
MDD
HC

Duke/UNC
MDD

HC

N

%

N

%

N

%

N

%

N

%

N

%

30/30

100

0/32

0

40/40

100*

0/57

0

30/30

100

0/20

0

30/30

100

0/32

0

40/40

100

0/57

0

30/30

100

0/20

0

1/30

3

0/32

0

0/40

0

0/57

0

1/30

3

0/20

0

1/30

3

0/32

0

0/40

0

0/57

0

1/30

3

0/20

0

0/30

0

0/32

0

0/40

0

0/57

0

0/30

0

0/20

0

0/30

0

0/32

0

0/40

0

0/57

0

0/30

0

0/20

0

0/30

0

0/32

0

0/40

0

0/57

0

0/30

0

0/20

0

0/30

0

0/32

0

0/40

0

0/57

0

0/30

0

0/20

0

1/30

3

0/32

0

0/39

0

0/57

0

0/30

0

0/20

0

1/30

3

0/32

0

6/39

15

0/57

0

3/30

10

0/20

0

5/30

17

0/32

0

18/40

45

0/57

0

0/30

0

0/20

0

9/30

30

0/32

0

21/40

48

0/57

0

3/30

10

0/20

0

0/30

0

0/32

0

0/40

0

0/57

0

0/30

0

0/20

0

0/30

0

0/32

0

0/40

0

0/57

0

1/30

3

0/20

0
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Current
Eating
0/30
0
0/32
0
2/40
5
0/57
0
0/30
0
0/20
0
Disorder
Past
Eating
1/30
3
0/32
0
3/40
8
0/57
0
1/30
3
0/20
0
Disorderg
Note: Abbreviations include: substance abuse or dependence (Ab/Dep), Beck Depression Inventory, 2nd Ed. (BDIII), Behavioral Activation for Depression-Avoidance Subscale (BADS-AV), healthy control (HC), major depressive
disorder (MDD), medication use (Meds), Posttraumatic Stress Disorder (PTSD), University of North Carolina
(UNC). *One participant in the MDD group recruited at Harvard University reported subthreshold depression (3 out
of 5 symptoms) in the SCID, but was diagnosed as meeting DSM-IV-TR criteria for a major depressive episode
based on additional query by the clinical interviewer. Chi-square or ANOVA tests were performed to identify
significant differences (at p<0.05) in demographic or clinical variables by sites or clinical groupg. Clinical groups
differed on clinical variables, only. Sites differed on some demographic (age, proportion female) and clinical (past
substance abuse, current/past anxiety disorder) variables; dummy-coded regressors for each site were included as
covariates in all analyses, and statistically controlling for co-occurring psychiatric disorders failed to affect results.
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Table S2. Imaging Procedure and Motion
Scanner and Equipment
Anatomical (T1) Scan
Parameters

Functional (BOLD) Scan
Parameters

Timing of Resting State
Scan

Instruction to
Participants
Number of Outlier
Volumes Due to
Motion/Artifact

McLean Hospital
Siemens Tim Trio 3T, 32channel head coil
Sequence= GRAPPA
TR= 2200ms
TE=4.27ms
# slices= 144
FOV= 230mm
matrix= 192x192
voxel size=
1.2x1.2x1.2mm
flip angle= 7
Sequence= interleaved
TR= 3000ms
TE=30ms
# slices= 47
FOV= 216mm
matrix= 72x72
voxel size=
3x3x3mm
flip angle= 85
total duration= 372sec
total volumes=124
Approximate onset 6
minutes into total scan
time; immediately after
high-res anatomical scans;
prior to other functional
scanning.

Harvard University
Siemens Tim Trio 3T, 12channel head coil
Sequence= GRAPPA
TR= 2200ms
TE=4.27ms
# slices= 144
FOV= 230mm
matrix= 192x192
voxel size=
1.2x1.2x1.2mm
flip angle= 7
Sequence= interleaved
TR= 3000ms
TE=30ms
# slices= 47
FOV= 216mm
matrix= 72x72
voxel size=
3x3x3mm
flip angle= 85
total duration= 372sec
total volumes=124
Approximate onset 6
minutes into total scan
time; immediately after
high-res anatomical scans;
prior to other functional
scanning.

“Rest with your eyes open”

“Rest with your eyes open”

Duke/UNC
GE MR750 3T,
8-channel head coil
Sequence=FSPGR
TR= 7.58ms
TE= 2.94ms
# slices= 162
FOV= 256mm
matrix= 256x256
voxel size=
1x1x1mm
flip angle= 12
Sequence=spiral-in SENSE
TR= 1500ms
TE= 30ms
# slices= 34
FOV= 240mm
matrix= 64x64
voxel size=
3.75x3.75x3.75mm
flip angle= 60
total duration= 300sec
total volumes= 200
Approximate onset 25
minutes into total scan
time; immediately prior to
high-res anatomical scans;
immediately after
functional scanning of
emotion picture task.
“Rest with your eyes open”

MDD Group: M=5.70,
MDD Group: M=4.38,
MDD Group: M=4.97,
SD=6.85
SD=5.42
SD=4.80
HC Group: M=3.47,
HC Group: M=4.12,
HC Group: M=4.40,
SD=3.57
SD=6.11
SD=5.35
Note: Abbreviations include: echo time (TE), field of view (FOV), healthy control (HC), major depressive disorder
(MDD), repetition time (TR), University of North Carolina (UNC). There were no differences in number of outlier
volumes due to motion or artifact between groups (p = 0.26) or sites (p = 0.92).
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Table S3. Summary of Dynamic Resting-State Functional Connectivity Analysis
Processing Step

Method

General image
preprocessing

Discarded first 6 seconds of functional data.

Motion and
artifact
detection

Outlier time points of significant head motion (>1mm from previous frame) or fluctuations in the
magnetic field (global mean intensity > 3 standard deviations from mean intensity) calculated
using Artifact Detection Tools (ART, www.nitrc.org/projects/artifact_detect/).

Preprocessed (slice-time correction, realignment, normalization, and smoothing (6mm kernel)) in
SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/).

Yielded a set of regressors (to be included in first-level denoising, below) including outlier
vectors and motion parameters (three translation and three rotation, plus one composite).
First-level
denoising

Principal component analysis performed using CompCor (Behzadi et al, 2007) to estimate the
physiological noise from white matter and cerebrospinal fluid for each participant.
Detrending, outlier sensoring and motion correction (using the output of ART, above), and
physiological noise correction (using CompCor), performed simultaneously in a single first-level
denoising regression model.
After the above first-level regression, data band-pass filtered with a range of 0.0278-0.10 Hz. This
range was selected to remove frequencies slower than the duration of a single sliding window
(here, 36 seconds; see Leonardi and Van De Ville, 2015, for discussion and the formula w > (1/fmin), where w is window duration in seconds and f-min is the frequency threshold). This range
also removes frequencies faster than 0.10 Hz, which can include cardiac and respiratory activity
(Cordes et al, 2001).
Denoising yielded a residual time course at each voxel that was used for subsequent analyses.

First-level
dynamic
analyses: The
sliding-window
approach

Time course segmented into 36-second windows, sliding the onset of each window by 18
seconds. (Window length is consistent with recommendations for optimal duration between 30
and 60 seconds, see Leonardi and Van De Ville, 2015, or Hutchison et al 2013, for discussion).
Computed Fisher’s z-transformed Pearson’s correlation coefficient for each sliding window
between the seed region-of-interest in medial prefrontal cortex and all other voxels, yielding a set
of beta maps (one for each window) for each participant.
Computed standard deviation in beta values at each voxels across the set of beta maps for each
participant, yielding a dynamic map for each participant.

Group-level
dynamic
analyses

First-level dynamic maps entered into a whole-brain regression analysis and group-level statistics
performed at each voxel. Dummy-coded covariates for each research site were included in all
group-level analyses.
Group-level analyses included t-test (MDD versus control group) or correlation (with scores on
the Beck Depression Inventory, 2nd Ed., Beck et al, 1996) at each voxel.
Group level effects thresholded at a peak amplitude of p<0.01 (two-sided), cluster corrected at
False Discovery Rate of p<0.05.
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Table S4. Altered Static Resting-State Functional
Connectivity of Medial Prefrontal Cortex as a
Function of Depressive Symptom Severity
Peak
Coord

Peak
t

Vol

Correlation with BDI-II
PCC

Static FC of Cluster

MDD

X,Y,Z

t

#vx

r

-14, -42, 38

3.81

879

0.38

Note: Thresholding was set to p<0.05 (two-sided) peak
amplitude of effect, cluster corrected to a False Discovery
Rate of p<0.05. Abbreviations include: Beck Depression
Inventory 2nd Ed. (BDI-II), functional connectivity (FC),
major depressive disorder (MDD), and posterior cingulate
cortex (PCC). Coord = coordinates in MNI standard
stereotaxic space. Vol = volume of cluster of significant effect
in voxels. Vx = number of 1x1x1mm voxels.	
  Static FC was
assessed by Fisher’s z-transformed Pearson’s correlation over
the full duration of the resting scan.
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Figure S1. Average dynamic functional connectivity of a seed region of interest in
medial prefrontal cortex across the sample. Across the full sample (N=209), functional
connectivity of a seed region in medial prefrontal cortex (MPFC) was (A) least variable
(dynamic functional connectivity), and (B) most strongly positive (static functional
connectivity), with other areas of the default network including adjacent medial
prefrontal regions, posterior cingulate cortex, inferior temporal cortex, and inferior
parietal lobule. Note: Displayed is the t-map for a one-sample group t-test on average
voxelwise dynamic resting-state functional connectivity (standard deviation (SD) in
Fisher’s z-transformed Pearson’s correlations across a sequence of sliding windows) of
the MPFC seed region of interest (ROI).
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Figure S2. Descriptive statistics for proportion of sliding windows in which
participants exhibited positively or negatively correlated activity between medial
prefrontal cortex and other regions. For clusters of effect identified by primary
analyses, and for each participant, we calculated the proportion of windows in which
(Fisher’s z-transformed) correlations fell within particular ranges: high negative (z
< -0.5), moderate negative (-0.5 < z < -0.25), low/uncorrelated (-0.25 < z < 0.25),
moderate positive (0.25 < z < 0.5), and high positive (z > 0.5). For the clusters in (A)
parahippocampal gyrus (PHG), and (B) insula, which were implicated by group
differences in dynamic resting-state functional connectivity, the proportion of windows in
each range of correlation values was averaged for the group with Major Depressive
Disorder (MDD) and the healthy control (HC) group. (C) For the cluster in dorsolateral
prefrontal cortex, which was implicated by depressive symptom severity in the MDD
group, we correlated BDI-II scores with the proportion of windows in each range of
RSFC. These descriptive statistics were designed to clarify results of primary analyses by
illustrating general patterns of resting-state functional connectivity among sliding
windows.
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Figure S3. Dynamic resting-state functional connectivity of medial prefrontal cortex
by site. Plotted, for each site, are (A-B) frequencies of dynamic functional connectivity
values (standard deviation (SD) in Fisher’s z-transformed Pearson’s correlations across a
series of sliding windows) for regions in which the Major Depressive Disorder (MDD)
group differed from the healthy control (HC) group; or (C) the association between Beck
Depression Inventory 2nd Ed. (BDI-II) and dynamic functional connectivity for MDD
individuals in regions implicated by BDI-II. Sample sizes by site: Duke MDD n=30, HC
n=20; Harvard MDD n=40, HC n=57; McLean MDD n=30, HC n=32.
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Figure S4. Altered static resting-state functional connectivity of medial prefrontal
cortex as a function of depressive symptom severity. (A) For depressed individuals
(n=97; three participants did not complete the Beck Depression Inventory 2nd Ed. (BDIII)), higher BDI-II scores were associated with increased static functional connectivity
between a seed region of interest (ROI) in medial prefrontal cortex (MPFC) and areas of
posterior cingulate cortex (PCC). (B) Correlation between BDI-II and static functional
connectivity (Fisher’s z-transformed Pearson’s correlation in activity over the full
resting-state scan) in PCC.
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