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Antidepressants Normalize the Default Mode
Network in Patients With Dysthymia
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Importance: The default mode network (DMN) is a col-
lection of brain regions that reliably deactivate during goal-
directed behaviors and is more active during a baseline,
or so-called resting, condition. Coherence of neural ac-
tivity, or functional connectivity, within the brain’s DMN
is increased in major depressive disorder relative to healthy
control (HC) subjects; however, whether similar abnor-
malities are present in persons with dysthymic disorder
(DD) is unknown. Moreover, the effect of antidepres-
sant medications on DMN connectivity in patients with
DD is also unknown.

Objective : To use rest ing-state funct ional-
connectivity magnetic resonance imaging (MRI) to study
(1) the functional connectivity of the DMN in subjects
with DD vs HC participants and (2) the effects of anti-
depressant therapy on DMN connectivity.

Design: After collecting baseline MRI scans from sub-
jects with DD and HC participants, we enrolled the par-
ticipants with DD into a 10-week prospective, double-
blind, placebo-controlled trial of duloxetine and collected
MRI scans again at the conclusion of the study. Enroll-
ment occurred between 2007 and 2011.

Setting: University research institute.

Participants: Volunteer sample of 41 subjects with DD
and 25 HC participants aged 18 to 53 years. Control

subjects were group matched to patients with DD by
age and sex.

Main Outcome Measures: We used resting-state
functional-connectivityMRItomeasurethefunctionalcon-
nectivityof thebrain’sDMNinpersonswithDDcompared
withHCsubjects, andweexamined theeffectsof treatment
with duloxetine vs placebo on DMN connectivity.

Results: Of the 41 subjects with DD, 32 completed the
clinical trial and MRI scans, along with the 25 HC partici-
pants. At baseline, we found that the coherence of neural
activity within the brain’s DMN was greater in persons with
DD compared with HC subjects. Following a 10-week clini-
cal trial, we found that treatment with duloxetine, but not
placebo, normalized DMN connectivity.

ConclusionsandRelevance: The baseline imaging find-
ings are consistent with those found in patients with major
depressivedisorderandsuggest that increasedconnectivity
within the DMN may be important in the pathophysiology
of both acute and chronic manifestations of depressive ill-
ness.ThenormalizationofDMNconnectivity followingan-
tidepressant treatment suggests an important causal path-
waythroughwhichantidepressantsmayreducedepression.
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D YSTHYMIC DISORDER (DD)
is debilitating and com-
mon, affecting 2.5% to
5% of the US popula-
tion.1 Patients often

struggle with significant functional im-
pairments including unemployment, high
health care use, and the use of entitle-
ments such as Supplemental Security

Income/Social Security Disability.2 As with
major depression, effective treatments are
available for DD, yet up to half of de-
pressed patients either do not respond or

drop out of treatment prematurely.3 More
effective treatments with fewer adverse ef-
fects are sorely needed. However, the de-
velopment of better treatments is im-
peded by at least 2 principal knowledge
gaps: (1) limited understanding of the
pathophysiology of DD and (2) incom-
plete knowledge of the causal mecha-
nisms by which existing interventions are
effective.

To our knowledge, only 3 prior stud-
ies have used magnetic resonance imaging
(MRI) to study patients with a primary di-
agnosis of dysthymia,4-6 contrasting with
the numerous neuroimaging studies of ma-
jor depressive disorder (MDD).7-11 More-
over, these studies were limited by small
and/or heterogeneous samples. Regard-
ing treatment, firstline agents for depres-
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sive illnesses include selective serotonin reuptake inhibi-
tors and serotonin and norepinephrine reuptake
inhibitors. The neurochemical effect of these agents is
well described—they constrain the uptake of mono-
amines at the synaptic cleft—yet, the mechanism by which
this neurochemical effect leads to salutary, clinical ef-
fects is poorly understood.

We aimed to investigate (1) the pathophysiology of DD
and (2) causal mechanisms by which antidepressants are
effective in treating DD. We did this by collecting resting-
state (RS) functional-connectivity (FC)MRIscans inapopu-
lation of adults with DD before and after treatment in a
double-blind, placebo-controlled trial of duloxetine, a sero-
tonin and norepinephrine reuptake inhibitor. We focused
on the brain’s default mode network (DMN), a collection
of brain regions that reliably deactivate during goal-
directed behaviors.12 Neural activity in one brain region
within the DMN strongly correlates over time with activ-
ity in other brain regions within the DMN. We used RS-FC
MRI to examine these interregional functional connec-
tions13 in the DMN in persons with DD for 3 principal rea-
sons. First, the DMN is thought to underlie the mental pro-
cess of introspection—the mind turning inward as it moves
away from externally focused thoughts. Because exces-
sive introspection in the form of rumination is a well-
described feature of depression in general and of dysthy-
mia in particular,14,15 we hypothesized that the functional
architecture of the DMN might be altered in dysthymia.16

Second,becauseprior studieshavedescribedabnormal func-
tion and connectivity of the DMN in adults with MDD,7,17

we aimed to determine whether this abnormality general-
izes to dysthymia—a chronic form of depression—or is spe-

cific to major depressive episodes—an acute form of de-
pression. Third, serotonin receptor density modulates the
functioning of the DMN18 and tryptophan depletion alters
DMN connectivity,19 suggesting that the DMN may repre-
sent an important site of action for serotonergic antide-
pressants. Our principal hypotheses were that DD relative
to healthy control (HC) participants would demonstrate
greater DMN connectivity, and that this abnormal DMN
connectivity would normalize with duloxetine treatment.

METHODS

The institutional review board of the New York State Psychi-
atric Institute approved the study procedures. Participants pro-
vided written, informed consent.

PARTICIPANTS

Our cohort comprised 41 adults with DD and 25 HC subjects
between 18 and 53 years of age. All participants were free of
significant medical problems. Patients fulfilled DSM-IV-TR cri-
teria for DD and were excluded if they were currently experi-
encing a major depressive episode. Patients with comorbid Axis
I disorders, other than anxiety disorders, were excluded from
the study. Patients with prior medication treatment, a prior ma-
jor depressive episode, and/or comorbid anxiety disorders were
included in the study; these data were recorded (Table 1) and
included as covariates in subsequent analyses. Of the 41 pa-
tients with DD in the study, 19 (46%) had a history of treat-
ment with psychotropic medications, but none of the partici-
pants were taking psychotropics within a week of their MRI
scan (4 weeks for fluoxetine). Control subjects were assessed
for psychiatric disorders using the Structured Clinical Inter-

Table 1. Demographic and Clinical Characteristics of Study Participants

No.

Test Statistic P Value
Dysthymic Participants

(n = 41)
Healthy Control Subjects

(n = 25)

Age, mean (SD), y 37.8 (9.0) 33.0 (11.9) t = 1.9 .07
Sex

�2 = 0.6 .44Male 24 17
Female 17 8

Handedness
�2 = 0.3 .58Right 38 24

Left 3 1
Highest level of education

Mann-Whitney U = 375.0 .06

College or greater 25 18
High school 14 4
Below high school 0 2
Not specified 2 1

Race/ethnicity

�2 = 5.5 .20

White 30 19
African American 9 3
Hispanic 1 1
Asian 1 0
Not specified 0 2

Anxiety disorder
Current 16 0
Past 12 0

Prior episode of MDD 19 0
Prior substance abuse 11 0

Abbreviation: MDD, major depressive disorder.
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view for DSM-IV20; had no significant, active Axis I disorder;
were medication free; and were group matched to patients with
DD by age and sex (Table 1).

Diagnoses were made using clinical interviews of a board
certified psychiatrist and confirmed with the Structured Clini-
cal Interview for DSM-IV.20 Control subjects completed a single
MRI scan; participants with DD completed baseline (ie, pre-
treatment) and follow-up (ie, posttreatment) MRI scans. Prior
to scanning, a trained rater assessed depressive symptoms using
the 24-item Hamilton Depression Rating Scale (HAM-D).21

MRI PULSE SEQUENCES

Images were acquired on a GE Signa 3-T whole-body scanner.
T1-weighted sagittal localizing images were acquired, fol-
lowed by a 3-dimensional spoiled gradient recall image for coreg-
istration with axial echoplanar images. Axial echoplanar im-
ages (repetition time, 2200 milliseconds; echo time, 30
milliseconds; 90� flip angle; receiver bandwidth, 62.5 kHz; single
excitation per image; slice thickness, 3.5 mm; slices per vol-
ume, 34; 24 � 24 cm field of view; 64 � 64 matrix) were ob-
tained to provide an effective resolution of 3.75 � 3.75 � 3.5
mm and whole-brain coverage. For RS acquisition, partici-
pants were instructed to remain still with their eyes closed and
to let their minds wander freely. Two 5-minute RS scans were
obtained for each participant. The same imaging procedures
were used for baseline and follow-up scans.

CLINICAL TRIAL

After completion of the baseline MRI scan, participants with
DD began a 10-week double-blind, placebo-controlled study
of duloxetine therapy at the Depression Evaluation Service of
the New York State Psychiatric Institute. A full description of
the clinical trial is provided elsewhere22 and the results are sum-
marized in eAppendix 1 (http://www.jamapsych.com). Briefly,
subjects were randomly assigned to double-blind treatment with
duloxetine or placebo. Dosing began at 30 mg daily and could
be increased to a maximum of 120 mg daily in the absence of
sufficient response (defined as a Clinical Global Impression–
Improvement score �2). Of the 41 participants with DD who
completed the baseline MRI scan, 32 completed the random-
ized clinical trial and follow-up scan.

IMAGE PROCESSING

Personnel were blinded to the treatment arms during image pro-
cessing. Standard image preprocessing methods were used, with
SPM8 (http://www.fil.ion.ucl.ac.uk/spm/) and the conn tool-
box (http://www.nitrc.org/projects/conn) for FC analysis. The
functional images were motion corrected, coregistered with a
high-resolution anatomic scan, normalized into the Montreal
Neurological Institute space, resampled at 2 mm3, and smoothed
with a Gaussian kernel of 6 mm3 full-width at half maxi-
mum.23 Connectivity preprocessing procedures followed the
component-based noise-correction method described else-
where24 to minimize nonneural influences on functional MRI
(fMRI) signal (eAppendix 2). To minimize the likelihood that
imaging findings were the product of unspecified confounds
or artifacts, we conducted a negative control analysis by ana-
lyzing connectivity maps derived from a seed region within the
primary motor cortex (eAppendix 3 and eFigure 1).

Following preprocessing, the RS data were correlated voxel
by voxel for each participant across the complete resting time
series. Fisher z transformation was applied. We generated con-
nectivity maps for each subject, with the seed region defined
by the mean fMRI signal from voxels within the posterior cin-

gulate cortex (PCC). We selected the PCC as the seed region
because of its key role in the DMN and its reliable identifica-
tion of the DMN in connectivity studies.25-27 A spherical mask
centered at the PCC (and extending into the precuneus) is pro-
vided by the conn toolbox and is derived from the PCC coor-
dinates described by Fox et al.28

NETWORK ANALYSIS

We implemented social network analysis (graph theory29) to
provide an additional test of our hypothesis that compared
with HC subjects, participants with DD have greater FC within
the DMN. We did this by extracting the blood oxygenation
level–dependent time series data for 12 a priori regions of
interest (ROI) within the DMN. The ROIs were first identified
by Fox et al,28 who delineated 13 DMN ROIs including 1 ROI
within the cerebellum. Owing to inconsistent coverage of the
cerebellum, we did not include the cerebellar ROI in our
analysis. The same approach has been used in prior connectiv-
ity studies of the DMN.30,31 The DMN ROIs and their stereotac-
tic coordinates are delineated in eTable 1. The time series data
for each ROI were correlated region by region for each partici-
pant, producing a single 12 � 12 correlation matrix per subject.
We calculated the network density (defined as the mean of all
possible network connections)32 using UCINET,33 software de-
signed for social network analysis. This procedure reduces each
subject’s 12 � 12 correlation matrix into a single variable that in-
dexes the global connection density for the DMN. Two principal
approaches allow calculation of network density34—valued and
nonvalued graphs (a full description of these 2 approaches is pro-
vided in eAppendix 4). Both approaches have merit and poten-
tial weaknesses, thus we performed both. Results from the val-
ued and nonvalued graphical approaches were comparable. We
present the valued graphical analyses here and the nonvalued
graphical analyses in the online-only material (eTable2).

HYPOTHESIS TESTING

We conducted separate hypothesis testing for the baseline MRI
scans (comparing subjects with DD vs HC participants) and
the follow-up scans (comparing changes in the MRI scans of
duloxetine-treated vs placebo-treated participants with DD).
The analyses could not be reduced into a single model be-
cause comparing subjects with DD vs HC participants re-
quired a between-subject analysis, whereas a repeated-
measure analysis was necessary to compare baseline vs follow-up
MRI scans from the participants with DD. Additionally, be-
cause our hypotheses were specific to the DMN, our group-
level analyses only reflect regions that were positively corre-
lated with the PCC; we did not include regions inversely
correlated with the PCC (ie, task-positive networks).

BASELINE MRI SCANS

To test the hypothesis that participants with DD have greater
DMN connectivity than HC subjects, we entered each partici-
pant’s seed-based connectivity map into a second-level, random-
effects factorial model using SPM8. We treated group as the single
factor with 2 levels: subjects with DD and HC participants. We
performed additional analyses that included prior medication
exposure, history of major depressive episodes, substance abuse,
and the presence of a comorbid anxiety disorder as additional
factors in the second-level, factorial models.

The network density analyses reduced each subject’s DMN con-
nectivity into a single variable that indexed the global connec-
tion density for the DMN. We compared the connection densi-
ties across the 2 groups (ie, DD vs HC) using a 2-sample t test.
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Additional analyses of covariance included prior medication ex-
posure, history of major depressive episodes, substance abuse, and
the presence of a comorbid anxiety disorder as covariates.

FOLLOW-UP MRI SCANS

We tested our hypothesis that DMN connectivity would be
normalized in the duloxetine-treated, but not placebo-treated, pa-
tients with DD. For the voxelwise analysis, we entered each par-
ticipant’s seed-based connectivity map into a 2 � 2 repeated-
measure factorial model using SPM8. We treated time as a
repeated measure with 2 levels: baseline scan and follow-up
scan; we used treatment as a between-group factor with 2 levels:
duloxetine and placebo. We isolated an interaction term
(time � treatment) to determine differential effects of treatment
on connectivity. We then conducted post hoc t tests to deter-
mine the nature of the interaction. Because the duloxetine arm
included fewer men than the placebo arm, we included sex as a
covariate (eTable 3). The 2 treatments were comparable on other
demographicandclinical characteristics (eTable3).However, given
the large number of statistical tests in a voxelwise whole-brain
analysis, we reasoned that baseline connectivity differences be-
tween the duloxetine and placebo arms could be present owing
to chance alone. Baseline differences in connectivity could pro-
duce spurious interpretations of treatment � time interactions.
To preclude this possibility, we compared the baseline scans in
the duloxetine vs placebo arms by conducting an f test on the PCC
connectivity maps with an uncorrected � of less than 0.05. The
results are presented in eAppendix 5 and eFigure 2. We then cre-
ated a mask that excluded from subsequent analyses any voxel
in which there were baseline differences in PCC connectivity be-
tween the duloxetine and placebo arms. That is, we limited our
analyses of treatment � time interactions to voxels in which base-
line connectivity measures were comparable across the 2 treat-
ment arms. The same statistical models were used for the net-
work analyses (eAppendix 6 and eTable 4).

EXPLORATORY ANALYSIS

In the baseline scans, we examined the relationship between
altered DMN connectivity and clinical symptoms in partici-
pants with DD. We calculated Pearson correlations between (1)
voxelwise PCC connectivity, using whole-brain analysis, and
(2) symptoms of depression as measured by the 24-item HAM-D
summary score. This approach identified a relationship in the
baseline MRI scans between PCC–amygdala connectivity and
depressive symptom severity. We then tested whether this as-
sociation persisted following treatment by calculating Pear-
son correlations between PCC–amygdala connectivity and post-
treatment depressive symptoms.

STATISTICAL THRESHOLD

For the voxelwise whole-brain connectivity analyses, we de-
termined an appropriate statistical threshold to account for mul-
tiple statistical comparisons by conducting Monte Carlo simu-
lations. To achieve a corrected P � .05, we used a conjoint
requirement of 100 continuous voxels, with each voxel meet-
ing an � of less than 0.01.

RESULTS

CLINICAL TRIAL

The complete results of the clinical trial are presented
elsewhere.22 Here we present the results for the partici-

pants who completed the clinical trial and MRI scans
(N = 32). Of the 41 patients with DD who completed the
initial MRI scan, 9 dropped out of the clinical trial prior
to the follow-up MRI scan. The patients who dropped
out of the clinical trial were demographically compa-
rable with those who completed the trial (eAppendix 7).
The mean (SD) dose of duloxetine at the end of the clini-
cal trial was 91.0 (30.2) mg daily (range, 30-120 mg).
We found a significant treatment � time interaction
(F1,29 = 17.6; P � .001; �2 = 0.38), with the duloxetine arm
demonstrating a greater reduction in depressive symp-
toms than the placebo arm. Specifically, the mean (SD)
HAM-D summary score declined more in the dulox-
etine arm (pretreatment, 20.0 [0.9]; posttreatment, 5.8
[1.6]) than in the placebo arm (pretreatment, 21.4 [0.8];
posttreatment, 17.3 [1.5]).

BASELINE SCANS

We generated voxelwise, whole-brain maps of RS-FC gen-
erated from a seed region in the PCC. Resting-state con-
nectivity maps demonstrated the commonly observed con-
nectivity pattern of the DMN in both participant groups
(Figure 1). In both groups, significant connectivity of
the PCC was detected with the precuneus, mesial pre-
frontal cortex, lateral parietal cortex bilaterally, supe-
rior frontal cortex bilaterally, parahippocampal gyrus bi-
laterally, and retrosplenial cortex.

Hypothesis Testing

Comparison of the 2 groups (Figure 1C) using a
random-effects, factorial model demonstrated that
compared with HC subjects, patients with DD had
stronger connections between the PCC and the mesial
prefrontal cortex bilaterally, lateral parietal lobes bilat-
erally, and precuneus (Table 2). Controlling for sub-
stance abuse and/or prior medication exposure did not
meaningfully influence these results (eTable 5). After
controlling for current or prior comorbid anxiety dis-
orders and/or prior episodes of MDD, the statistically
significant differences in DMN connectivity between
patients with DD and HC participants were still pres-
ent. However, these covariates produced a consistent
pattern in which the magnitude of the statistical
difference between the 2 groups (ie, DD vs HC) was
reduced (eTable 5).

Network Analysis

To confirm the observation of greater DMN connectiv-
ity in patients with DD vs HC participants, we used graph
analysis to quantify the density of DMN connections.
Graph analysis demonstrated that compared with HC sub-
jects, participants with DD had greater DMN connec-
tion density (mean DMN density: participants with DD,
0.23, and HC subjects, 0.17; t = 2.7; P = .01) (Figure 2;
see eAppendix 4 for nonvalued graph analysis). Using
bootstrapping, we confirmed that the network findings
were not driven by differences between the sample sizes
(DD: N = 41 vs HC: N = 25) (eAppendix 8). Control-
ling for prior episodes of MDD, substance abuse, and/or
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prior medication exposure did not meaningfully influ-
ence these results (eTable 6). Similar to the voxelwise
analysis, inclusion of current or prior comorbid anxiety
disorders as a covariate yielded results that remained sta-
tistically significant, but the magnitude of the statistical
difference was reduced (eTable 6).

FOLLOW-UP SCANS

Hypothesis Testing

To test our hypothesis that DMN connectivity would nor-
malize in the duloxetine, but not placebo, arm, we ex-

A DD

B Healthy Controls

C DD vs Healthy Controls

Anterior view

mPFC LPC

PC
mPFC

PC

Posterior view Axial views

LPC

Figure 1. Whole-brain resting-state functional-connectivity maps with seed region in the posterior cingulate cortex. Qualitatively, the connectivity maps
demonstrate the commonly observed connectivity pattern of the default mode network in both the participants with dysthymic disorder (DD; N = 41) (A) and in the
healthy control participants (N = 25) (B). C, Comparison of the 2 groups demonstrated that the participants with DD had stronger connections from the posterior
cingulate cortex to the mesial prefrontal cortex (mPFC) bilaterally, lateral parietal lobes (LPC) bilaterally, and precuneus (PC). See Table 2 for statistical
significance.

Table 2. Functional Connectivity in the Default Mode Network of Patients With Dysthymic Disorder vs Healthy Control Participants

Connection Strength With Seed
in the Posterior Cingulate Cortex

MNI Coordinate

Cluster Size T Statistic P Valuex y z

Connection Strength Greater in Dysthymic Participants vs Control Subjects
Superior frontal cortex/mesial prefrontal cortex

Right 12 60 �8 193 2.95 .002
Left �14 66 4 103 3.08 .001

Lateral parietal cortex
Left �36 �90 22 266 3.20 .001
Right 48 �72 18 218 3.09 .001

Precuneus �8 �70 48 448 3.53 �.001

Connection Strength Greater in Control Subjects vs Dysthymic Participants
None detected

Abbreviation: MNI, Montreal Neurological Institute.
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amined treatment � time interactions. We began by ex-
amining the 5 regions in which we detected connectivity
differences between patients with DD and HC subjects
in the baseline scans (Table 2). Of these, we found a sig-
nificant interaction in the right lateral parietal cortex that
was driven by a decrease in PCC–right lateral parietal cor-
tex connectivity in the duloxetine-treated arm (Table3).
Post hoc analysis of the entire DMN demonstrated in-
teractions in the right middle to superior frontal cortex,

and the right inferior temporal gyrus. We detected re-
ductions in connectivity in the duloxetine, but not pla-
cebo, arm (Table 3). Each treatment � time interaction
indicated a reduction in DMN connectivity in the du-
loxetine arm (ie, there were no interactions indicating
an increase in DMN connectivity in the duloxetine arm).
Post hoc analyses of the interactions (eAppendix 9) de-
termined that in the duloxetine arm, the PCC–right lat-
eral parietal cortex and PCC–right inferior temporal gy-

Posttreatment duloxetine

Pretreatment

Healthy control participants Dysthymic participants
Lateral
parietal
cortex

Inferior
temporal
cortex

Superior
frontal
cortex

PCC

mPFC
(anterior)

mPFC (ventral)

Parahippocampal
gyrus

Retrosplenial
      cortex

Posttreatment placebo

Figure 2. Graphical presentation of the default mode network (DMN). Pretreatment magnetic resonance imaging scans were obtained in participants with
dysthymic disorder (N = 41) and matched healthy control subjects (N = 25). Posttreatment magnetic resonance imaging scans were obtained following a 10-week
clinical trial of duloxetine vs placebo. The dots represent DMN regions and the lines represent functional connections (threshold z 	0.2); line width corresponds
to the connection strength. Qualitatively, in the pretreatment scans, the DMN demonstrates more and stronger connections in the dysthymic vs healthy control
participants. Statistical comparison using graph theory (network density) bears out this observation (see Table 2). Posttreatment scans demonstrate a
treatment × time interaction (F1,29 = 5.0; P = .03), driven by a greater reduction in DMN connectivity in the duloxetine-treated vs placebo-treated participants
(N = 15 and N = 17, respectively). PCC indicates posterior cingulate cortex.

Table 3. Connections Demonstrating Treatment × Time Interactions

Connection Strength With Seed
in the Posterior Cingulate Cortex

MNI Coordinate

Cluster Size
Interaction

Term
Treatment

Period

Connection Strength, Mean (SD)

x y z Placebo Duloxetine

Right lateral parietal cortex
48 �72 18 233

F = 7.3
P = .01

Post 0.42 (0.2) 0.27 (0.2)
Pre 0.39 (0.2) 0.54 (0.2)

Right midsuperior frontal cortex
42 14 48 274

F = 10.0
P = .004

Post 0.21 (0.2) 0.02 (0.1)
Pre 0.08 (0.2) 0.14 (0.2)

Right inferior temporal gyrus
64 �10 �32 262

F = 10.8
P = .003

Post 0.14 (0.1) �0.02 (0.2)
Pre 0.13 (0.2) 0.26 (0.1)

Abbreviation: MNI, Montreal Neurological Institute.
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rus connections were (1) increased at baseline relative
to HC subjects and (2) normalized after treatment with
duloxetine (eFigure 3).

Network Analysis

To confirm the voxelwise observation of treat-
ment � time interactions in the DMN, we conducted a
parallel analysis based on DMN connection density. Net-
work analysis circumvents problems of multiple com-
parisons and related thresholding effects that are inher-
ent to voxelwise analyses. Complementing the voxelwise
analysis, the density analysis demonstrated a treat-
ment � time interaction (Figure 2 and Figure 3;
F1,29 = 5.0; P = .03). Specifically, mean DMN density in
the placebo arm was similar in the baseline vs follow-up
scans (Figure 2 and Figure 3; mean [SD] baseline den-
sity, 0.21 [0.08]; mean [SD] follow-up density, 0.19
[0.08]), but there was a significant reduction in the DMN
density in the duloxetine arm (Figure 2 and Figure 3;
mean [SD] baseline density, 0.24 [0.06]; mean [SD] fol-
low-up density, 0.16 [0.06]; change in density: t = 4.0;
P = .002). Post hoc testing demonstrated that in the du-
loxetine arm, the DMN density in the follow-up scans
was comparable with HC subjects (t = 0.4; P = .90). Like-
wise, the DMN density in the follow-up scans was sig-
nificantly lower in the duloxetine vs placebo arms (mean
[SD] DMN density: duloxetine arm, 0.16 [0.06], and pla-
cebo arm, 0.21 [0.08]; t = 1.9; P = .04). Sensitivity analy-
ses of the treatment � time interaction to examine the
influence of potential confounds such as age and sex dem-
onstrated that these covariates did not meaningfully in-
fluence the results (eAppendix 10).

Exploratory Analysis and Clinical Correlates

We conducted 2 exploratory analyses. In the first, we
tested whether there was a relationship between the re-
duction in DMN connectivity and symptom improve-
ment, as determined by the posttreatment HAM-D sum-
mary score (covarying for baseline HAM-D scores). We
found no evidence for this relationship in either treat-
ment arm. Second, we conducted a whole-brain corre-
lation analysis of PCC connectivity with the severity of
depressive symptoms within the DD group. In the base-
line scans, we found that the connection strength be-
tween the PCC and the left amygdala (peak voxel Mon-
treal Neurological Institute coordinates: x = �18, y = �4,
z = �22) was a strong predictor of HAM-D scores
(Figure 4; r = 0.65; P � .001; cluster size, 503 voxels).
The connection strength between the PCC and the right
amygdala was also a predictor of HAM-D scores (Figure 4;
r = 0.58; P � .001; peak voxel Montreal Neurological In-
stitute coordinates: x = 36, y = 0, z = �26; cluster size,
43 voxels), but this finding did not reach both arms of
our statistical threshold (ie, � � 0.01, but �100 con-
tinuous voxels achieved this � level). Posterior cingu-
late cortex–amygdalar connectivity no longer corre-
lated with depressive symptom severity following
treatment with either placebo or duloxetine (eAppen-
dix 11).

COMMENT

To our knowledge, this is the first study to incorporate
MRI into a randomized clinical trial of an antidepres-
sant in patients with DD. The central finding is that in-
creased baseline connectivity in the DMN of patients with
DD is normalized by treatment with duloxetine. This nor-
malization was specific to the duloxetine-treated pa-
tients and did not occur in patients who received pla-
cebo. Prior studies of depression have demonstrated
functional changes in the prefrontal and subgenual an-
terior cingulate cortices following open treatment with
antidepressant medication.35,36 However, these prior stud-
ies lacked placebo control, making it difficult to discern
medication effects from nonspecific effects. By incorpo-
rating a placebo-controlled design, we were able to move
beyond correlative interpretations and impute causa-
tion. Placebo-controlled trials permit causal interpreta-
tions of medication effects on symptom reduction; simi-
larly, causal interpretations of medication effects on MRI
findings can be imputed when the MRI findings are the
outcome measure of the clinical trial.37 Thus, to our
knowledge, this is the first MRI study to demonstrate a
causal relationship between antidepressant use and the
normalization of a specific neural anomaly in depressed
patients. Recent articles in the lay press and profes-
sional journals have questioned whether antidepres-
sants have any benefit beyond that delivered by placebo
in patients with milder forms of depression.38,39 Our study
provides biological evidence for a normalizing effect of
antidepressants that cannot be attributed to placebo in
patients with chronic, mild depression.

An important caveat to our findings is that we did not
find a relationship between normalization of the DMN
and a reduction in depressive symptoms. We suspected
that this may be owing to the hypothesized role of the
DMN in ruminative introspection. That is, the normal-
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ization of the DMN may accompany improvement in a
specific symptom domain (ie, rumination), rather than
the full range of depressive symptoms indexed by the
HAM-D. Lacking a detailed assessment of ruminative
symptoms, we cannot test this hypothesis directly, al-
though it could be tested readily in future studies. In-
deed, recent studies have shown that atypical RS DMN
activity in patients with MDD correlates with behav-
ioral measures of rumination.40,41

Duloxetine is a serotonin and norepinephrine reup-
take inhibitor with balanced inhibition of both receptor
systems. Therefore, inhibition of either system could, in
theory, be responsible for duloxetine’s normalizing
effect on DMN connectivity. However, recent studies
have suggested that neural activity in the DMN is
affected by the serotonin system. A recent study com-
bined positron-emission tomography and fMRI and
found that the introspective functioning of the DMN is
modulated by serotonin receptor binding in the PCC
and medial prefrontal cortex.18 This complements prior
studies showing that PCC activity is influenced by tryp-
tophan depletion19 and selective serotonin reuptake
inhibitor administration.42 Future studies could directly
test whether reuptake inhibition of serotonin, norepi-
nephrine, or both is responsible for normalizing DMN
connectivity by comparing the effects of serotonin vs
norepinephrine reuptake inhibitors (eg, fluoxetine and
reboxetine, respectively) on DMN connectivity.

Several additional findings are noteworthy. First, we
found that at baseline, patients with DD, relative to HC
subjects, had increased DMN connectivity. Recent stud-
ies have suggested that abnormal functioning of the brain’s
DMN may play a significant role in the pathophysiology
of depressive disorders. For example, in an fMRI study
of the DMN in 24 adults with MDD, the depressed par-
ticipants, unlike HC subjects, did not suppress DMN ac-
tivity when viewing negatively valenced pictures or when
instructed to reappraise the pictures.17 Likewise, atypi-
cal RS connectivity between the DMN and the sub-
genual cingulate cortex is reported in adults with MDD.7

To our knowledge, our study is the first to examine con-
nectivity of the DMN in persons with DD, and it sug-
gests that DD and MDD share pathophysiological fea-
tures, at least in terms of abnormal DMN connectivity.
Thus, this study adds neurobiological support for the idea
of merging DD with other chronic depressions, as dis-
cussed by the DSM-5 workgroup.43

In the baseline MRI scans, we found that DMN con-
nectivity was altered in patients with DD regardless of
whether the patients had a history of MDD, diminishing
the possibility that altered DMN connectivity in pa-
tients with DD was merely a consequence of prior epi-
sodes of MDD. Investigators have argued that DD can be
conceptualized as a prodrome of MDD, given that DD
strongly predicts the development of MDD, whereas MDD
does not predict the development of DD.44 Together with
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the findings that DMN connectivity is altered in both DD
and MDD, this consideration leads us to speculate that
increased DMN connectivity may convey vulnerability
for developing MDD. A longitudinal neuroimaging study
could test this hypothesis and, more importantly, could
help determine whether normalizing altered DMN con-
nectivity through pharmacologic or psychotherapeutic
interventions affects the course of illness.

Another contribution that our study makes to the lit-
erature on depression is the strong correlation between
depressive symptoms and the strength of functional con-
nections between the PCC and the amygdala. A similar
finding has been reported in generalized anxiety disor-
der,45 a condition highly comorbid with DD.46 The amyg-
dala is more strongly associated with processing infor-
mation that is negatively vs positively valenced,47 and it
tends to be hyperactive in depressed patients.48 We sus-
pect that increased connectivity between the amygdala
and the PCC (and by extension the DMN) contributes
to more severe depressive symptoms because of the pu-
tative role of the DMN in ruminative introspection. Our
findings suggest that as connectivity between the amyg-
dala and the DMN increases, the DMN’s information pro-
cessing functions may become increasingly tinged with
negative cognitions. Posttreatment, we found that a re-
lationship between amygdalar-DMN connectivity and de-
pressive symptom severity was no longer significant, sug-
gesting that this relationship is altered by treatment with
either duloxetine or placebo.

Limitationsof this studyshouldbenoted.First,manyof
the patients with DD had prior exposure to treatment with
psychotropics.Therefore, thedifferential connectivity that
wedetectedmayhavebeen theproductofpriormedication
exposure rather than DD itself. We attempted to minimize
thispossibilityby(1)statisticallycontrolling forpriormedi-
cation exposure and (2) obtaining MRI scans after a medi-
cationwashoutperiod.Nevertheless,wecannotentirelyex-
clude the possibility that medication effects influenced our
findings. Second, comorbidanxietydisorders andpriorde-
pressive episodes were present in many of the participants
withDD.Covarying foranxietyand/orpriordepressiveepi-
sodesproducedaconsistentpattern inwhich thedifference
in connectivity between subjects with DD and HC partici-
pants remained statistically significant, but the magnitude
of thedifferencewasreduced.Thissuggests thatanxietyand
prior depressive episodes may contribute to the increased
DMN connectivity that we detected. Third, our cohort of
participants with DD consisted of more men than women
(59% men). This sex distribution could limit the general-
izability of our findings given that depressive disorders, in-
cluding DD, affect women in greater numbers than men.
Fourth, although we attempted to exclude from the study
patients with a diagnosis of MDD, differentiating DD and
MDDcanbedifficult, thus it ispossible that someof theDD
cohort may have met criteria for MDD. Fifth, we did not
examinewhether theHCparticipantshadageneticvulner-
abilitytodepression.Acontrolsampleabsentofgeneticload-
ing for depression could potentially have yielded more ro-
bust group differences. Finally, a larger cohort could help
establish the stability of our findings.

In conclusion, our study demonstrates the atypical na-
ture of DMN connectivity in adults with DD and pro-

vides important neurobiological evidence for a causal
mechanism by which antidepressant therapy normal-
izes the brains of depressed patients. Altered DMN con-
nectivity in persons with DD was detected irrespective
of prior episodes of MDD, suggesting that altered DMN
connectivity is shared between DD and MDD, as well as
providing neurobiological support for a contemplated no-
sologic revision to merge DD with other forms of chronic
depression. Finally, increased connection strength be-
tween the amygdala and the PCC may represent an im-
portant target for novel antidepressant therapeutics.
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